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Preface 



Although it is generally understood that the 
Antarctic Ice Sheet plays a critical role in the 
changing global system, there is to date still a lack 
of generally available information on the subject. 
Climatic change and the role of the polar areas are 
often discussed in the media. Much of our knowl- 
edge depends on models, and basic things such as 
maps are missing. The generally used geophysi- 
cal atlas of Antarctica is still the one published 
by Drewry twenty years ago, with literally huge 
“white areas” on the maps (Drewry, D.J. (editor), 
1983, Antarctic Glaciological and Geophysical Fo- 
lio, Cambridge, Scott Polar Research Institute). 
While there are maps of specific areas of Antarc- 
tica available (usually where field research is un- 
dertaken), there is not one comprehensive work. 

Antarctica is a remote continent. — Despite about 
200 years of Antarctic exploration, many places in 
the Antarctic have not been visited by mankind, 
because Antarctica is hard to reach from inhab- 
ited places, a foreboding place to travel because of 
glaciated terrain and harsh climate, and the fact 
that the continent is surrounded by a frozen ocean 
for a large part of the year. Information on the 
remote continent is available today from satellite 
data. 

Antarctica is a frozen continent. — It contains over 
90% of the Earth’s ice mass, and most of its area 
is covered by ice. 

Antarctica is a fascinating continent. — The same 
geographic properties that make Antarctica diffi- 
cult to visit draw our imagination to this wild and 
different place. In 1984, I interrupted my disser- 
tation project in mathematics for the chance to 
participate in an Antarctic expedition, with the 
German Research Vessel POLARSTERN, willing 
to work on more or less anything that would be 



asked of me to get down south to the Antarctic. As 
it turned out, I got to work on least-squares pre- 
diction and collocation, a method used in geodesy 
for interpolation, which led me into a new field of 
science — geostatistics — which would become the 
centerpiece of my mathematical research; but the 
expedition did not lead me to Antarctica, ending 
in South America after crossing the Atlantic. In 
1987/88 I “finally” set foot on the icy continent, 
during a 3) month expedition to Antarctica, also 
with the POLARSTERN and the Alfred- Wegener- 
Institute for Polar Research (Bremerhaven, Ger- 
many), to the Weddell Sea sector of Antarctica. In 
those days, expeditions were planned and staffed 
in a way that helping hands were always needed, 
scientists helped to establish stations, transport 
loads and clean up fuel barrels; marine biologists 
needed help in counting species in huge piles of 
biomass dumped on the deck; geophysicists needed 
help for around-the-clock watch at instruments; 
trace-chemical stations needed to be established 
far away from the main stations, and glaciologic 
data needed to be processed. This provided a great 
way to learn about many aspects of the Antarc- 
tic environment as well as a fun way to interact 
and collaborate. Quickly I noticed that who vol- 
unteered first got to set up remote sampling loca- 
tions, approached by helicopter or snowcat tracks, 
while who volunteered last may end up pumping 
Arctic diesel ... Whatever the tasks, the Antarctic 
holds a grip on almost anyone who has ever vis- 
ited it. Expeditions to places without the ICE are 
just not the same, as I came to discover in later 
seagoing expeditions. 

Our society’s knowledge on Antarctica is still far 
less than knowledge about any other continent, de- 
spite decades of exploration of Earth from space 
and publications in scientific journals. A school 
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teacher who does not know what distinguishes 
Antarctica from the Arctic is not an exception. 
Books on Antarctica that are available to a gen- 
eral readership are commonly coffee-table picture 
books, compiled by photographers on voyages to 
the Antarctic, often with a focus on wildlife. In 
contrast, the Atlas is focused on snow and ice 
research, relationship of ice and climate, geog- 
raphy, cartography and geodesy, geomathematics 
and satellite geophysics — on revealing the sev- 
enth continent from space. As such, the Atlas of 
Antarctica will fill an information gap. 

Today’s educators want to teach children excit- 
ing facts about remote places, and tourism in- 
creases in an adventure and exploration compo- 
nent. Together with this there is a growing inter- 
est in Antarctica, and, often related to the cost 
of travel to remote places, the knowledge-desiring 
public has a high level of education. An increas- 
ing public interest in Global Change and Climate- 
related questions also creates a need for books that 
convey facts at a level that lies between that of 
picture books and science treatises. 

The Atlas of Antarctica is written with state-of- 
the-art scientific accuracy, so that it is hoped that 
it may be useful for students and researchers of 
glaciology, geophysics, remote sensing, cartogra- 
phy and Antarctic research, and at the same time 
introduce to the complex of questions and facts 
outlined above in a way that is informative and 
fun for the general reader interested in Antarctica. 

Information about the frozen continent, Antarc- 
tica, is not only accessible by expeditions, without 
the availability of satellite data, there would still 
be large “white areas” on the map. 

The “Atlas of Antarctica” utilizes satellite data 
more precisely, radar altimeter data from 
SEASAT, GEOSAT, ERS-1 and ERS-2. Other 
than the better known satellite images, altimeter 
measurements provide information on elevation 
and, as such, may be the basis of topographic 
maps. The Atlas of Antarctica covers the entire 
Antarctic continent in a collection of accurate to- 
pographic maps, each with 3 km by 3 km grid 
resolution, surface elevation in grey shades and 
contours, and place names of glaciers, ice streams, 
and ice shelves, as well as of other major geo- 
graphic features. Other than satellite images, the 



Atlas maps provide elevation which is geophys- 
ically useful and accurate information. As such 
the Atlas maps are the highest-resolution eleva- 
tion maps available today, derived from satellite 
radar altimeter data by application of a geostatis- 
tical method, which was specifically designed by 
the author for the problem of ice-sheet mapping. 
Part II (chapter (D)) forms the center piece of the 
Atlas. 

In part I “Motivation and Methods” , introductory 
chapters concern the following topics: (A) The 
Antarctic Ice Sheet and its role in the Global Sys- 
tem, (B) Satellite Remote Sensing, and (C) Data 
analysis methods applied in the Antarctic Atlas 
production and map construction. These sections 
may serve as introductions to the realm of ice and 
climate, Antarctic geography, to satellite observa- 
tions of the cryosplrere, principles of satellite radar 
altimeter observations and data processing, and 
geostatistical estimation or interpolation applied 
in cartography. 

Applications presented in part III include mon- 
itoring changes in Antarctic glaciers, ice streams 
and ice shelves (chapter (E)) and detailed regional 
studies of outlet glaciers of the inland ice that 
are particularly exciting (chapter (F)). Combina- 
tion and integration of digital elevation models 
from radar altimeter data and Synthetic Aperture 
Radar (SAR) data, which show surface structures 
and flow features of glaciers and ice streams, is 
given as an example of employing data from two 
sources in glaciologic research (chapter (G)). The 
Atlas contains a total of 145 maps, 25 figures, in- 
dex maps and diagrams, 5 tables, and furthermore 
references on related subjects in glaciology, geo- 
mathematics, remote sensing and geodesy (chap- 
ter (H)), a glaciologic glossary, an index of the 
Antarctic place names shown, and a list of Antarc- 
tic expeditions (chapter (I)). 

The Atlas is for educators, glaciologists, re- 
searchers, students, tourists, anyone interested 
in Antarctica. It is my hope that the reader may 
share some of my enthusiasm for Antarctica and 
enjoy “discovering” some of its many fascinating 
geographic and glaciologic features. 

Boulder, Colorado, Christmas 2003 

Ute Christina Her zf eld 
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Part I 



Motivation and Methods 




(A) The Antarctic Ice Sheet and its Role in the Global System 



(A.l) Main Geographic and Glaciologic Provinces of Antarctica 



The most conspicuous property of Antarctica is its 
ice mass — most of the Antarctic continent’s land- 
mass is covered by ice — ice sheets, glaciers, ice 
streams and ice shelves. All these features consist 
of ice and may thus be summerized as “glaciers” , 
but have different properties. An ice sheet cov- 
ers large land areas and is flat and wide, the ice 
in the ice sheet flows at a low velocity, follow- 
ing gravitational forces, generally towards the ice 
sheet’s margin. An ice stream is an area of ice 
flowing at a higher velocity than the surrounding 
inland ice, large ice streams drain the inland into 
the Circum- Antarctic ocean. The lower part of an 
ice stream draining into the ocean becomes afloat 
(at the line termed the grounding line), it forms a 
floating tongue. Many Antarctic ice streams and 
glaciers end in ice shelves, areas of ocean water 
covered by thick ice (more glaciologic terms are 
explained in the glaciologic glossary, section (1.1)). 
Often several glaciers and ice streams end in the 
same ice shelf, but there are also coastal areas of 
Antarctica that are not bordered by ice shelves. 
For instance, the Atlantic Ocean sector is fringed 
by ice shelves, with large ice streams flowing into 
those, including Slessor Glacier, Jutulstraumen, 
Stancomb-Wills Glacier and Recovery Glacier. Ex- 
amples of coastline without ice shelves are Maw- 
son Coast (W of Lambert Glacier), Knox Coast 
and Sabrina Coast in Wilkes Land. 

Antarctica is commonly “divided” into East 
Antarctica and West Antarctica (see Figure A.l- 
1). While the divider between these two distinctly 
different parts of Antarctica is well-defined as the 
Transant arctic Mountains, running from east of 
the Weddell Sea across the continent to the west 



of the Ross Ice Shelf, the terminology constitutes 
a misnomer, as the center is to the south — hence 
some parts of “East Antarctica” are west, some 
are east of the Transantarctic Mountains. It is 
generally accepted that “East Antarctica” is that 
part including Queen Maud Land, Enderby Land, 
MacRobertson Land, American Highland and 
Wilkes Land. (In maps plotted with the Antarctic 
Peninsula pointing to the top of the map, East 
Antarctica is to the right of the Transantarctic 
Mountains, West Antarctica is to their left.) East 
Antarctica contains the geographic South Pole. 
The coast of East Antarctica borders the eastern 
part of the South Atlantic sector, the Indian Ocean 
sector, and the western part of the South Pacific 
Ocean sector of the Circum- Antarctic Ocean. The 
geologic shield of East Antarctica is covered by 
the Earth’s largest ice sheet, the East Antarctic 
Ice Sheet. As we shall see in the map part of the 
Atlas, East Antarctica has a fairly simple geogra- 
phy, except for the marginal (coastal) areas, with 
huge basins and separated by broad ridges. 

Correspondingly, the continent-scale flow sys- 
tems are simple. The only large ice stream-ice 
shelf system in East Antarctica is the Lam- 
bert Glacier/ Amery Ice Shelf system, this is also 
the most northerly of the large Antarctic ice- 
stream/ice-shelf systems (except for ice shelves on 
the Peninsula) . Queen Maud Land is the large part 
of Antarctica between the Weddell Sea and Lam- 
bert Glacier/ Amery Ice Shelf, closer to Amery Ice 
Shelf is Enderby Land. MacRobertson Land and 
American Highland are smaller areas bordering 
Amery Ice Shelf (on the W and E, respectively). 
To the east is Wilkes Land, the largest and least 
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Figure A. 1-1. Antarctica — Overview map. 



explored part of Antarctica, extending from Lam- 
bert Glacier/ Amery Ice Shelf to the Ross Sea sec- 
tor and the Ross Ice Shelf. Surface gradients in 
East Antarctica are generally very low. Ice drains 
generally towards the ice sheet margin, and for 
10% of the area to the Lambert Glacier/Amery 
Ice Shelf system. Three subglacial domes influence 
the flow direction over hundreds and thousands of 
kilometers: Valkyrie Dome near (40°E/77°S) in 
Southern Queen Maud Land, Dome Argus (78° 
E/81°S), and south of American Highland Dome 
Charlie (125°E/75°S) in Southern Wilkes Land. 
The Transantarctic Mountains include the Slrack- 



leton Range, the Pensacola Mountains (east of the 
Filchner Ice Shelf), continue in subglacial moun- 
tains, Queen Maud Land Mountains (bounding 
the southern Ross Ice Shelf), Queen Elizabeth 
Range, Churchill Mountains, Prince Albert Moun- 
tains and many other smaller ranges bordering the 
Ross Sea. 

West Antarctica is geographically much more di- 
vided and smaller chambered than East Antarc- 
tica. Two large ice shelves, the Filchner-Ronne Ice 
Shelf (separated by Berkner Island but connected 
south of that island) and the Ross Ice Shelf. The 
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Filchner-Ronne Ice Shelf extends to 82.5° South 
(where Support Force Glacier enters) and to 83° 
South (where Foundation Ice Stream enters) . The 
Ellsworth Mountains border Ronne Ice Shelf in the 
west and contain Antarctica’s highest mountain, 
Vinson Massif (5140 m). 

From west of the Ross Ice Shelf, the Antarctic 
Peninsula extends north to 63° S, with Clarence 
Island and Elephant Island near 61° S and the 
King George Islands at 62° S across the Bransfield 
Strait. The islands are considered part of Antarc- 
tica (and their presence contributes to the pres- 
tigious question of who first set foot on Antarc- 
tica, or sighted Antarctica) . Contenders for having 
first set foot on the mainland include Nathaniel 
Palmer, an American whaler, Tlraddeus Belling- 
shausen, captain for Russia, and Norwegian biol- 
ogist Carsten Borchgrevink, who participated in 
H.J. Bull’s expedition to Borchgrevink Coast, Vic- 



toria Land, in 1894-95 and led the British Antarc- 
tic expedition in 1898-1890. 

The Peninsula has a mountainous spine and a 
small-chambered topography with many mountain 
ranges, local glaciers, ice shelves and islands, the 
largest of which is Alexander Island. The northern 
part is Graham Land, the southern part Palmer 
Land. 

The Ross Ice Shelf extends to 85.5° S, it is bor- 
dered by the Transantarctic Mountains on the 
west, with many ice streams draining from the in- 
terior of Wilkes Land and the Polar Plateau. In 
contrast, the east coast (Siple Coast) is charac- 
terized by a much less relief-energetic landscape 
of large ice streams that drain from Marie Byrd 
Land. A large volcanic province extends from the 
Jones Mountains at 94° W to the Fosdick Moun- 
tains at 145° W in Marie Byrd land. The coast 
of Marie Byrd Land and Enderby Land contains 
many ice shelves. 



(A. 2) Climate Change, Sea-Level Rise, and Changes in the Cryosphere 



The Antarctic Ice Sheet plays a major role in 
the Global System. Under warming climatic condi- 
tions, as have been observed in the past to present 
decades, the Antarctic ice is reacting sensitively. 

As a result of warming, one would expect an ice 
sheet to loose mass and a glaciers to retreat. In- 
deed, some glaciers in Antarctica have been re- 
treating, an example is Pine Island Glacier on Wal- 
green Coast, Ellsworth Land. Not all Antarctic ice 
streams are retreating — an advance of Lambert 
Glacier averaging 1 km/yr over 10 years has been 
observed (Herzfelcl et al. 1994, 1997). 

Increasing temperatures do not necessarily result 
in mass loss in the Antarctic. To the contrary, 
in a warming climate, precipitation in Antarctica 
may increase; precipitation at Antarctic latitudes 
means snowfall, which alters the low accumulation 
rate and adds mass. 

The ice sheet mass balance is the difference be- 
tween mass input and mass output (or mass loss). 
Mass input processes are snowfall, rainfall, and 
condensation. Mass loss from an ice sheet can 
occurr through evaporation, sublimation, surface 
and bottom melting, water runoff and iceberg dis- 
charge. At present, the average accumulation rate 



in Antarctica is only 162 mm/yr water equivalent, 
much lower than the average accumulation rate of 
Greenland, which is 273 mm/yr water equivalent. 
Antarctica is an arid continent, and most of the 
accumulation is by redepostion of drifting snow. 
The equilibrium line, the line between accumula- 
tion and ablation areas, is close to sea level, and 
the ablation area constitutes only 1% of the to- 
tal area of Antarctica. In contrast, two thirds of 
the area of the Greenland Ice Sheet belong to the 
ablation area. 

The mass balance of the Greenland and Antarctic 
Ice sheets is, however, only known with an accu- 
racy of 25% (Warrick et al. 1996). Mass and en- 
ergy exchange processes change on seasonal to in- 
terannual time scales, and the general patterns of 
these smaller time-scale changes vary under cli- 
matic change. The response of large glaciers to 
changes is on the order of 1000 to 10000 years. 

In a warming climate, the sea level will increase 
due to several causes. First, melting of glacier ice 
and mass loss by calving increases sea level. Num- 
bers and models vary widely. The total ice volume 
of Antarctica is 29.000.000 km 3 . It does not make 
much sense to convert all that to water equivalent 
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or ocean height equivalent, because it is unlikely 
that the entire Antarctic ice mass might melt, and 
other effects such as rebound of the continental 
plates would change the world’s coasts, as a re- 
sult of the redistribution of loads. Currently, the 
sea level rises about 2 mm/yr, half of that has 
been attributed to the melting of small glaciers 
(i.e. glaciers excluding Greenland and Antarctica) 
by Meier (1984). It is not known whether the ice 
sheets in total are presently contributing to sea- 
level rise. Second, warming climate causes warm- 
ing of the World’s oceans, and hence expansion of 
the volume of seawater, incurring further sea-level 
rise. Oceanographic (acoustic) experiments have 
been conducted that resulted in observations of 
an expanding ocean due to warming. 

Changes in the ice mass, however, do rarely take 
place as a uniform surface lowering, but (1) thin- 
ning of the ice occurs predominantly in coastal ar- 
eas (as established by Krabill et al. (1999) and 
Steffen and Box (2001) for Greenland), and (2) 
fast-moving ice streams and outlet glaciers aud 
ice shelves react most rapidly to climatic changes. 
Consequently, the most important part of the 
Antarctic to investigate when looking for changes 
are the marginal areas of the Antarctic ice sheets. 
Mass flux occurs across the ice-ocean boundary. 
Ice is transported seaward by ice streams and out- 
let glaciers, ending in ice shelves or directly in the 
Circum-Antarctic Ocean, and iceberg calving oc- 
curs. 

Two methodological aspects of the Atlas project 
facilitate investigation of the Antarctic margin: (1) 
Mapping of regional areas as part of the Atlas 
Scheme, and (2) exploitation of the neighbourhood 
structure through the geostatistical concept of the 
regionalized variable (these concepts will be ex- 
plained in chapter C). 

Ten percent of the entire area of Antarctica that 
is covered by ice is constituted by ice shelves. In 
recent years, the ice shelves in the northern lati- 
tudes, i.e. on the Antarctic Peninsula, have been 
disintegrating rapidly, as a consequence of climatic 
warming: One of the first such occurrences was 
the break-up of Wordie Ice Shelf (1984) (Vaughan 
1993), followed by the break-up of Wilkins Ice 
Shelf (west of Alexander Island), parts of George 
VI Ice Shelf west of Palmer Land (between Palmer 
Land and Alexander Island), and most recently, 
Larsen Ice Shelf (2002) east of the Antarctic 
Peninsula (MacAyeal et al. 2002, Rott et al. 2002). 



Muller Ice Shelf, a small ice shelf at (67° 15’ S/ 66° 
52’ W) in Lallemand Fjord, Marguerite Bay, ex- 
isted for a long time as the northernmost ice shelf 
on the western side of the Antarctic Peninsula, 
because it was protected by laud around Lalle- 
mand Fjord, until it broke up. However, Wordie 
Ice Shelf, located farther south at 69° S, broke up 
earlier. Generally, ice shelves sheltered by bays and 
promontories are less susceptible to break-up than 
less protected ice shelves. Mechanisms for break- 
up are unknown and presently an object of scien- 
tific research, while the occurrence of meltwater 
on the surface of an ice shelf is clearly an indica- 
tor for warming and thus for possibly impending 
disintegration. Amery Ice Shelf is presently show- 
ing signs that a large iceberg will break off in the 
next years; however, that does not necessarily in- 
dicate break-up, as calving of icebergs, including 
huge ones of several tens of kilometers in diameter, 
occurs with a catastrophic nature. 

Changes in ice streams occur in both a climatic 
and a dynamic context: Whereas the existence of 
climatic change is widely known and its influence 
discussed in public media as well as in the glacio- 
logic community, the existence of dynamic prop- 
erties of glaciers is much less known and hence a 
lesser objective of debate. All glaciers have their 
inherent dynamics and can, by virtue of their flow 
properties, be described as dynamical systems. 
Glaciers ending in fjords may have an internal dy- 
namic cycle of advance and retreat on the order 
of 1000 years (a number that has been established 
for Alaskan fjord glaciers, Meier and Post 1969). 
A situation where one glacier is advancing while a 
neighboring glacier (in the same climate!) retreats, 
is not a rarity in Alaska, Greenland or Antarctica 
this cannot be attributed to climatic effects. 
Reaction time of large Antarctic ice streams to cli- 
matic change is on the order of several thousand to 
tens of thousands of years, e.g. Lambert Glacier. 
An example of neighboring Antarctic glaciers that 
advance and retreat respectively are Mertz and 
Ninnis Glaciers in Wilkes Land. 

The dynamical properties of glaciers deserve more 
attention. Under a condition of a warming climate, 
the fast-moving glaciers play a key role in any sce- 
nario of a break-up of the ice sheet. 

An interesting dynamic phenomenon is that of 
glacier surges: During a surge, a glacier acceler- 
ates to many times (up to 100 times) its normal 
velocity, its surface breaking up into character- 
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istic crevasses. After the surge, which may last 
one to several seasons, the glacier returns to its 
usual speed. Some glaciers are surge-type glaciers, 
while others do not surge. Surges occur quasi- 
periodically. Some side glaciers of Lambert Glacier 
surge (most likely). Many unanswered questions 
are associated with glacier surges — the surge 
mechanism is unknown, why some glaciers surge 
and others do not surge, and why surge glaciers 
are limited to a subset of the earth’s mountain 
ranges (see Meier and Post 1969, Raymond 1987, 
Kamb 1987, Herzfelcl 1998, Herzfeld and Mayer 
1997). 

Types of fast-moving ice include (Clarke 1987) 
continuously fast-moving glaciers, surge-type 
glaciers, tidewater glaciers, and the West Antarc- 
tic ice streams, which form their own class, mov- 
ing absolutely rather slowly but otherwise sharing 
properties of fast-moving ice. Fast-moving glaciers 
are relatively rare but important. 



(A. 3) Modeling Versus Measuring 

Studies of the effects of global warming on the 
cryosphere usually involve a modeling approach 
to processes in the global system. Any model is 
based on a physical model, commonly a dynamical 
system. Most models also contain observations on 
some variables. To simulate a scenario of change in 
the modeled system, the model is run, typically by 
keeping certain variables fixed while changing oth- 
ers (for instance, increasing temperature by 1 K), 
or by letting the model step through time. In both 
cases, the behaviour of the model and the outcome 
are noted and reported. As an example, in model 
runs the West Antarctic Ice Sheet is more sus- 
ceptible to disintegration than the East Antarctic 
Ice Sheet. Difficulties exist in modeling more than 
one Earth system, for instance, in combining ice 
and ocean models, or only ice sheet models and ice 
shelf models (Raff Greve, pers. comm., Huybreclrts 
1993). 

Model results may be compared to observations 
for validation of the model, and, ultimately, un- 
derstanding of the Earth system. The opposite ap- 
proach to learning about the Earth starts from 
conduction of experiments, observations and mea- 
surements on the Earth’s surface, from the air and, 
in the last decades, from satellites. Technical ad- 



Climatic changes have been occurring for millions 
of years, they are part of the astrophysical cyclic- 
ity of the Earth in the solar system, as discov- 
ered by Milankovitch (Milankovitclr cycles of c. 20 
kyr, 40 kyr, 100 kyr and 400 kyr). These cause 
ice ages and warm ages. The last ice age ended « 
8000 years ago. On the other hand, antlrropogeni- 
cally induced changes contribute to global warm- 
ing — increased CO 2 emission, destruction of the 
ozone layer, and other forms of pollution — it is 
this contribution to global change that is the rea- 
son for policy discussions, and the reason to make 
us think about effects of human behavior on the 
environment. The relative magnitude of human- 
induced changes is a matter of heated debate, and 
the answer to this problem depends on the assess- 
ment of “natural” changes. The latter may in part 
be inferred from the geologic record (e.g., marine 
sediment cores and stratigraphic studies of marine 
environments from previous geologic times). 



vance has brought new observational methods in 
all those fields, most dramatically in satellite re- 
mote sensing. New observational methods require 
new data analysis methods to utilize collected data 
and learn about processes on the Earth from those 
observations. The construction of the Antarctic 
Atlas from satellite radar altimeter data is part of 
the Earth-observation-and-data-analysis approach 
to Earth Sciences. 

Collaboration between the modeling and the mea- 
suring/data analysis parts of the science commu- 
nities is one of the most important tasks in the 
geosciences today. Calling for collaboration may 
sound trivial, but oftentimes real-world properties 
may not be formulated easily as model constraints; 
or model results may contradict glaciologic or geo- 
logic observations. The modeling community often 
holds that a model needs to be consistent in it- 
self, or that adding another condition would make 
the model unnecessarily complicated and solution 
computationally prohibitive. Better models, and 
hence better understanding of our world, can only 
be achieved by taking better data into account; 
hence more and better observations along with im- 
proved mathematical data analysis methods are a 
prerequisite for learning about our planet. 




(B) Satellite Remote Sensing 



(B.l) An Overview of Ice Sheet Observations by Satellite 



Antarctica is a remote and large continent, and 
hence, despite a long history of sea- and land- 
based expeditions, often combined with aerial 
observations, many areas have not been visited 
by mankind to this date. There are still “white 
spaces” in ground-based mapping of Antarc- 
tica. The best map of all of Antarctica compiled 
from expedition data is the widely used Antarc- 
tic glaciological and geophysical folio edited by 
Drewry (1983), it contains maps of a small scale 
only. Observations by satellite provide an alterna- 
tive to expeditions, which is a less direct, literally 
“remote” form of observation — thus the term 
satellite remote sensing — and yields completely 
different types of data. The advantage of satellite 
observations is the coverage of large areas in a 
short time. Such coverage by remote-sensing data 
typically is of limited resolution or contains gaps, 
depending on the type of instrumentation installed 
as payload of the observing satellite, as shall be 
described in the sequel for some examples. 

Two principally different types of satellite data are 
distinguished: (1) image data and (2) geophysical 
line survey data. Image data constitute raster im- 
ages that consist of pixels in rows and columns, 
usually square, with a greyscale or color matching 
the intensity of the reflected signal. Image data 
may be recorded in one frequency channel or be 
composed of signals from several channels. 

Geophysical line survey data from satellite are 
measurements of geophysical properties of the 
Earth’s surface or the atmosphere, which follow 
the flight track of the satellite. These fall into 
two subclasses, (a) single-track data that consist of 



discrete measurements onlong the track line, and 
(b) swath data that consist of sets of several mea- 
surements, taken ideally normal to the track line. 
For swath data, the observations cover a stripe of 
a certain, instrument-dependent width. Satellite 
radar altimeter data are examples of geophysical 
line survey data collected by a satellite. The mea- 
sured variable is elevation of the Earth’s surface 
anywhere on continents and oceans, and on any 
land surface. 

Image data also cover a stripe of a given width, 
located along or to the side of the satellite ground 
track, or sections of such a stripe. The best- 
known image data are LANDSAT data, which 
have been available since 1972 (LANDSAT 1,2,3 
Multi-spectral Scanner (MSS)). LANDSAT data 
are collected in several frequency bands or chan- 
nels. The latest generation of LANDSAT data 
are LANDSAT 1 Enhanced Thematic Mapper Plus 
(ETM+) data , available since 1999, which have a 
resolution of 15 m for Very Near Infrared (VNIR), 
30 m for panchromatic and 60 m for Thermal In- 
frared (TIR) and absolute radiometric calibration. 

The most complete source of LANDSAT images of 
Antarctica is the U.S. Geological Survey’s Satellite 
Image Atlas of Glaciers of the World, volume B, 
Antarctica (Swithinbank 1988). Because LAND- 
SAT images are relatively small and cloudfree 
scenes of polar areas are comparatively rare, many 
areas along the Antarctic margin are not covered 
in Swithinbank (1988). In those areas which are 
covered, the images in Swithinbank (1988) pro- 
vide a great basis for comparison with satellite- 
altimetry-derived maps in this Atlas. 
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For selected Antarctic areas, maps based on im- 
age data have been compiled, for instance by 
the Australia Division of National Mapping for 
the Lambert Glacier/ Amery Ice Shelf and sur- 
rounding areas and by the U.S. Geological Sur- 
vey for the West-Antarctic Ice Streams. A topo- 
graphic map of the Filchner-Ronne-Schelfeis based 
on satellite images and ground-based geodetic sur- 
veys was published by the (former) Institut fur 
Angewandte Geodasie, Frankfurt, Germany (Siev- 
ers et al. 1993). 

Images of Antarctic ice streams have not only 
been compiled from LANDSAT data, but also 
from lower-resolution data. The AVHRR (Abso- 
lute Very High Resolution Radiometer) sensor 
aboard a NOAA (National Oceanic and Atmo- 
spheric Administration, USA) weather satellite 
was designed to observe clouds, but cloud-free im- 
ages have provided a good source of images of 
Antarctic and Greenland ice streams and glaciers, 
albeit with only a 1-km resolution (Bindschadler 
and Scambos 1991). 

A “Satellite Image Map of Antarctica” at scale 
1:5.000.000 (at standard parallel 71° S), compiled 
from a mosaic of cloud-free AVHRR data from 
NOAA satellites 6, 7, 9, 10, 11, 12 and from years 
1980-1994 has been published by the U.S. Geo- 
logical Survey, Flagstaff, Arizona (Ferrigno et al. 
1996). The fact that the scenes stem from 14 years 
of observations indicates how difficult it is to ob- 
tain cloud-free scenes for a complete coverage of 
Antarctica. The image composite is overlain with 
500 m spaced elevation contours from a data base 
of the British Antarctic Survey. The map has a 
1:3.000.000 inset showing the Antarctic Peninsula, 
also based on AVHRR data, and a 1:1.000.000 in- 
set showing McMurdo Sound, based on LANDSAT 
MSS data. (Processing methods are described in 
the International Journal of Remote Sensing, 1989, 
v. 10, nos. 4, 5, p. 669-674.) 

In March 2000, the TERRA Satellite was launched 
with the goal of monitoring the health of planet 
Earth. TERRA is equipped with a number of 
instruments for imaging and monitoring. The 
highest-resolution image data collected aboard 
the TERRA satellite are Advanced Spaceborne 
Thermal Emission and Reflection Radiometer 
(ASTER.) data. ASTER data have 15 m resolution 
for VNIR bands, 30 m for SWIR bands and 90 m 
for TIR bands. Since TERRA was only launched 
in March 2000, and only few scenes are recorded 



per revolution around the Earth, not many areas 
have been covered so far. 

Lower-resolution optical data collected by the 
TERRA satellite are MODIS and MISR data. 
Multi-angle SpectroRadiometer (MISR) data are, 
as the name indicates, not only collected in sev- 
eral frequency bands, but also in several look- 
directions from far-backward to backward to 
straight-down (nadir) to forward in angles to far- 
forward. The resolution varies with the frequency. 
More precisely, MISR data are collected in 4 bands 
(448 nm (blue), 558 nm (green), 672 nm (red), 
and 866 nm (near infrared)) and in 9 viewing an- 
gles (+/-70.5 0 , +/-60.0 0 , +/-45.6 0 , +/-26.1 0 , 0° 
, where +/- indicates forward/backward, and 0° 
nadir). The pixel size is 275 m x 275 m for all 
bands in the nadir camera and for the red band 
in all other cameras, and 1100 m x 1100 m for the 
blue, green and near-infrared bands in the forward 
and aft cameras. The swath width is 380 km. Con- 
sequently, the MISR instrument is best suited for 
studies at the regional scale. MISR scenes are so 
large that 16 consecutive days of orbital coverage 
already provide complete coverage. MODIS data 
have been utilized in the study of snow surfaces 
on land. 

Backscatter data of higher resolution are ob- 
tained by the Synthetic Aperture Radar (SAR) 
instrument, which have become available to the 
scientific community through ERS-1/2, JERS-1 
and RADARSAT (ESA 1992a, b, 1993; Canadian 
Space Agency et al. 1994). SAR data are particu- 
larly well suited for the study of polar areas, bea- 
cuse the SAR signal penetrates clouds, which of- 
ten create a problem over glaciated areas render- 
ing images useless for glaciologic studies. ERS-1 
SAR data have a resolution of 12.5 m, but often 
are corrected for terrain effects (so then the resolu- 
tion depends on the resolution of the terrain model 
used, e.g. 30 m for Alaska SAR data processed by 
the Alaska SAR Facility). 

ENVISAT, recently launched by ESA, collects 
next-generation SAR data, named Advanced Syn- 
thetic Aperture Radar (ASAR) data. 

Other than LANDSAT data, however, SAR data 
are not really images, but backscatter values which 
may be associated with grey values for display, and 
are collected in only one frequency. The fact that 
image analysis techniques depend heavily on mul- 
tivariate statistical techniques designed for multi- 
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spectral image data such as LANDSAT data re- 
quires development of new methods for the analy- 
sis of SAR data. 

Different intensities of “grey” in a SAR image may 
be caused by surface or volume scattering of the 
signal, local aspect of the surface, or subscale geo- 
physical variation. Returns from signals from as- 
cending or descending satellite tracks differ also. 
These sources cannot be discriminated without 
additional information. Because an absolute refer- 
ence is lacking, a characterization of surface pat- 
terns from SAR data needs to be based on rela- 
tive differences in “grey” value, such as in the geo- 
statisical classification methods (see e.g. Herzfeld 
1999, Herzfeld et al. 2000a). 

A major difficulty with the analysis of SAR data 
is that quantitative analysis is not directly pos- 
sible. One promising avenue in that direction is 
the application of interferometry, a technique that 
exploits the phase differences of two images, but 
at the same location, possible in the rare situ- 
ation of very close repeat of the ground tracks 
(Goldstein et al. 1993) and good correlation of 
the images to be compared (Zebker and Villasenor 

1992) . The best-known application is the extrac- 
tion of the velocity of the ice (Goldstein et al. 

1993) . If no movement occurred and the environ- 
ment did not change between the times of collec- 
tion of the two images, it is possible to compute 
topography from pairs of SAR images using inter- 
ferometry. There is ongoing work on construction 
of elevation maps from SAR stereo images, but 
that has yet to be completed. Examples of appli- 
cations of interferometry are restricted to date to 
the study of smaller regions, and SAR images can 
only be collected for 10 minutes per revolution. 
The technique is not suitable for mapping large 
areas of the Antarctic ice, leaving ample necessity 
for altimetry-based mapping. 

If ice movement is complex, then SAR interferom- 
etry is not possible any more, because two images 
from different times will not be coherent. The ad- 
vantage of the geostatistical classification method 
is that only one image is needed for analysis, and 
complex ice movement manifests itself in surface 
patterns which can be classified (Herzfeld 1999). 

The best data source for topographic mapping 
from satellite is radar altimetry. The first satellite 
carrying an altimeter became operational in 1978 
(SEASAT). Together with data from the GEOSAT 



Geodetic Mission (1985-86) and the Exact Repeat 
Mission (1987-89) and data from ERS-1 (1992-96) 
and ERS-2, almost a 20-year record of altimeter 
data is available. This makes altimeter data the 
type of data most suited for the study of changes 
on a regional or continental scale for length of 
record. One disadvantage of studying Antarctica 
by satellite data is that the orbital coverage of the 
previously mentioned satellites does not extend to 
the poles. 

Radar altimeter data may be analyzed geostatis- 
tically to construct maps of 3-km-by-3-km reso- 
lution, which have a high accuracy (Herzfeld et 
al. 1993, 1994). This data type and the geosta- 
tistical method are utilized in the derivation of 
the topographic maps in this Atlas. Therefore the 
principles of radar altimetry will be described in 
more detail in section (B.2). Bamber (1994) pro- 
duced a map of Antarctica (north of 82° S) from 
ERS-1 altimeter data with 20-km grids. Limita- 
tions of this map are the lower resolution and the 
fact that the map is only reliable in areas with a 
slope of less than 0.65° (Bamber 1994). By total 
area most of Antarctica is flatter than 0.65°, but 
the steeper regions include the dynamically impor- 
tant ice streams and outlet glaciers. The geosta- 
tistical method (cf. Herzfeld et al. 1993) facilitates 
calculation of maps of higher accuracy and includ- 
ing steeper areas, but is computationally more in- 
tensive. The need for higher resolution is not well 
met if all of Antarctica is shown on one map sheet. 
An alternative is to construct an atlas, which in 
turn requires specific cartographic considerations. 
Observational and methodological aspects of data 
collection and analysis of radar altimeter data will 
be treated in sections (C.l) and (C.2), the geo- 
statistical method applied here is the objective of 
section (C.3). 

Complete coverage of Antarctica by SAR data 
was obtained during the two Antarctic missions 
of the RADARSAT, a satellite launched by the 
Canadian Space Agency. As its only instrument, 
RADARSAT carries a Synthetic Aperture Radar 
(SAR). During an “Antarctic mission”, the SAR 
sensor aboard RADARSAT is turned so it “looks” 
at Antarctica and thus covers the notorious “hole” 
in the data coverage around the South Pole that is 
typical for most other satellite missions, including 
the altimetry missions used in the Atlas. As al- 
ready noted, SAR yields image data and, in partic- 
ular, no elevation data. A scatter image of Antarc- 
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tica has been compiled by Jezek. Unfortunately, 
RADARS AT does not carry an altimeter. 

As part of a project termed “RAMP” (Radarsat 
Antarctic Mapping Project), Jezek and cowork- 
ers have derived a DTM of Antarctica (Liu et al. 
1999; Jezek et al. 1999). This is based on interpo- 
lation of ERS-1 radar altimeter data to 5 km, us- 
ing mathematical algorithms (as RADARSAT has 
not been instrumented to collect elevation data, 
the “RAMP” grid is a bit of a misnomer). In se- 
lected small areas where higher-density data were 
available, for instance, from field work, the grid 
has been refined up to 200 m resolution. Unfortu- 
nately, the user cannot tell which data types are 
utilized in a given area (there is one grid, not over- 
lays per data source) . The grid has a nominal res- 
olution of 200 m — possibly to make space for 
potential future improvements — , but the data 
support is that of the 5 km grid (except for the 
small study areas). 

For contouring outlet glaciers and ice shelves 
along the margins of Antarctica, the geostatisti- 
cal method utilized in the Atlas is better suited 
than mathematical algorithms. Tiling Antarctica 
into regions and studying individual maps affords 
a higher attention to detail. 

The backscatter information contained in the SAR 
data provides information on ice surfaces that 
is complementary to elevation data, as it shows 
boundaries of exposed rock areas and ice-covered 
areas, flow features of glaciers, calving fronts of ice 
shelves, and some surface features of the inland 
ice. Hence, a good way of satellite data analysis 
lies in the combination of SAR and radar altime- 
ter data. An example of such a combination, using 
RADARSAT SAR data and ERS-1 radar altime- 
ter data, is given in section (G) for the Lambert 
Glacier/ Amery Ice Shelf area. 

Recent approaches in the study of the cryosphere 
concern mapping surface features from satellite 
and surface characteristics such as surface rough- 
ness, albedo, and snow and ice properties. The 
most commonly studied material property in 
snow-and-ice research is wetness of snow. Typ- 
ically three classes are discerned, wet snow/ice, 
dry snow/ice, and an intermediate class, snow/ice 
in a zone where meltwater percolates through it, 
called the percolation zone. 



In multisensor optical data (such as MISR data, 
collected by the TERRA satellite, launched in 
March 2000), the difference between signals from 
forward and backward looking beams relates to 
surface roughness. Because of its nine viewing 
angles, MISR data are suitable for the study 
of surface roughness. Rougher surfaces are back- 
ward scattering, even if the material itself may 
be forward scattering. For instance, ice is forward 
scattering at the particle scale, but microtopo- 
graplric ice surface features such as sastrugi or 
crevasses are backward scattering. Hence, multian- 
gular observations may be used for classification of 
snow and ice surface micromorphology and surface 
roughness, however, to date only preliminary work 
on ice surfaces has been done from MISR data 
(Nolin et al. 2002 ; Nolin and Herzfelcl 2002a, b). 
MISR has a fairly low resolution, with pixel sizes 
of 275 m and 1100 m, depending on frequency 
and sensor, this of course limits the amount of de- 
tail that can be derived from a structural analysis 
of the surface data. More complex characteristics 
of surface roughness are detectable in SAR data, 
which have a higher resolution (12.5 m). Features 
include crevassed areas in ice streams and during 
glacier surges, and the quantitative characteriza- 
tion of more complex features naturally requires 
more advanced methods for characterization, such 
as the geostatistical surface classification method 
(Herzfeld 1998, Herzfeld et al. 2000a). 

This is by no means a complete summary of 
ice observations by satellite and their analysis, 
but rather an introduction to this growing field 
with a focus on the most common types of satel- 
lite observations. There are other types of data 
that have been utilized in glaciological investiga- 
tions, e.g. passive microwave data (for principles 
of passive-microwave remote sensing and deduc- 
tion of geophysical parameters, see Steffen et al. 
(1992), for sea-ice-passive-microwave remote sens- 
ing, see Grenfell et al. (1992), Seelye et al (1992)). 

The variety of sensors that can be carried as the 
payload of a single satellite may be exemplified by 
the instrumentation of ENVISAT, a large satellite 
that was launched into space in September 2002 by 
the European Space Agency. In contrast, there are 
small satellites that carry only one main instru- 
ment and a few others whose observations assist 
in correcting the data. ENVISAT follows ERS-1/2 
type orbits. ENVISAT is designed by ESA to make 
the most complete set of observations of Earth ever 
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collected by a satellite, including land, ocean, ice 
and atmosphere measurements. 

The instruments of most interest in our context 
are the RA-2 altimeter, an instrument further 
developed from, but similar to ERS-1/2 altime- 
ters, and the Advanced Synthetic Aperture Radar 
(ASAR) instrument. ASAR operates at C-Band 
(see section (B.2.3)) and hence ensures continu- 
ity with the image mode of ERS-SAR data and 
wave mode of ERS-1/2 AMI data. Improvements 
are facilitated by a full active array antenna with 
distributed transmit/receive modules which pro- 
vides distinct transmit and receive beams, a dig- 
ital waveform generation for pulse “chirp” gen- 
eration and a ScanSAR mode for operation by 
beam scanning in elevation (ENVISAT website un- 
der www.esa.int). RA-2 utilizes Doppler Orbitog- 
raphy and Radiopositioning Integrated by Satel- 
lite (DORIS) as a tracking system. Data are pro- 
cessed at ground stations and provide centimeter 
accuracy for satellite orbits. A Laser Retrorcflec- 
tor (LRR) is mounted on a pillar attached to the 
nadir panel close to the RA-2 antenna and sup- 
ports satellite ranging and RA-2 altitude calibra- 
tion, it is not really an instrument of its own but a 
passive device that is used as a reflector by ground- 
based satellite ranging stations which send out 
high-pulsed laser signals (see also section (B.2.3)). 

The Miclrelson Interferometer for Passive Atmo- 
spheric Sounding (MIPAS) is a Fourier trans- 
form spectrometer for the measurement of high- 
resolution gas emission. It operates in the near to 
mid infrared frequencies where many of the at- 
mospheric trace gases exhibit important emission 
characteristics. MIPAS is geared at stratospheric 
chemistry (O3, H 2 0, CH 4 , N 2 0 and HNO 3 ) and 
climatology (temperature, CH±, N 2 0 , HN0 3 ) 
and thus of indirect relevance to snow and ice re- 
search. 

The Medium Resolution Imaging Spectrometer 
(MERIS) instrument measures solar radiation re- 
flected by the Earth with a spatial resolution of 
300 m in 15 bands which are programmable in 
width and position, in the visible and near infrared 
frequencies (passive microwave). Global coverage 
can be achieved in 3 days. The primary objective 
is the measurement of colour in the oceans and in 
coastal areas, which is indicative of ocean produc- 
tion, chlorophyll concentration, aerosol loads and 
temperature. Cloud top height, water vapour and 
aerosol over land can also be observed. 



The Advanced Along-track Scanning Radiome- 
ter (AATSR) aboard ENVISAT continues ATSR- 
1/2 data sets of sea-surface temperature (with 
0.3 K accuracy), which are important for climate 
research. Together with ATSR data, a 10-year 
almost-gap-free data set will be available. 

The main objective of the Microwave Radiometer 
(MWR) is the measurement of the integrated at- 
mospheric water vapour column and cloud liquid 
water content, as corrections for the radar altime- 
ter signal. In addition, MWR data are expected 
to be useful for the determination of land sur- 
face emissivity and soil moisture, for surface en- 
ergy budget studies, and for ice characterization. 

ENVISAT also carries the “Global Ozone Mon- 
itoring by Occultation of Stars” (GOMOS) in- 
strument. Ozone concentration in the atmosphere 
is largely responsible for stratospheric heating 
through absorption of harmful UV radiation, it 
determines a significant part of the oxidative 
capacity of the troposphere, therefore ozone is 
more commonly known as a “greenhouse” gas. 
A so-called “ozone hole”, a low in ozone con- 
centration, has been discovered over Antarctica 
and raised public interest. GOMOS also measures 
N0 2 , NO 3 , OCIO , temperature and water vapour 
during day and night and at altitudes between 
100 km and the tropopause, with an altitude reso- 
lution of 1.7 km. The star occultation method is a 
new measurement principle, a predecessor is a sun 
occultation method used on an instrument called 
SAGE. 

ENVISAT provided space for so-called payloads 
of opportunity, new instruments designed by in- 
dividual research groups. One such instrument is 
the Scanning Imaging Absorption Spectrometer 
for Atmospheric Chartography (SCIAMACHY) 
for measurements in the troposphere and strato- 
sphere. 

For the next years, a significant increase in satellite 
technologies and in satellite missions is planned. 
However, it takes a number of years before data 
from any new mission or instrument yield results 
that are of interest to the science community or 
even the general public, because a lot of develop- 
ment and processing is necessary before so-called 
higher level products, that is, data that are mean- 
ingful to scientists, become available. Much later, 
products that can be communicated to the public 
can be expected. A few flashy sample products are 
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usually publicized early for public-relations rea- 
sons. 



For individual studies on satellite remote sensing 
of snow and ice areas the interested reader is re- 
ferred to scientific journals in related areas, which 
include the International Journal of Remote Sens- 



(B.2) Satellite Radar Altimetry 

Applications of altimetry include ocean circula- 
tion, ocean currents and eddies, surface waves and 
tides, sea-level change — an important indicator of 
global change — (see Nerem and Mitchum 2001), 
estimation of the gravity field of the Earth and de- 
termination of the geoid (Tapley and Kim 2001), 
marine geophysics and bathymetry (Sandwell and 



ing, Zeitschrift fur Gletscherkunde und Glazial- 
geologie, the Journal of Glaciology and the An- 
nals of Glaciology, Antarctic Science, Polar Ge- 
ography, Polarforschung, and Computers & Geo- 
sciences. Descriptions of data types are given on 
the website of the World Data Center for Glaciol- 
ogy A (http://www.nsidc.org), along with exam- 
ples of their use. 



Smith 2001; see also Herzfeld and Brodscholl 1994, 
Brodscholl et al. 1992), and last not least, ice sheet 
observations, which are the topic here (for princi- 
ples, see Zwally and Brenner 2001). 

Several satellite missions have carried altimeters. 
Altimetry missions differ by instrumentation and 
by mission type (see Table B.2-1). 



Table B.2-1. Summary of Past and Present Satellite Altimeter Measurement Precisions and 
Orbit Accuracies 



Satellite 


Mission period 


Measurement 
precision (cm) 


Orbit 

accuracy (cm) 


GEOS-3 


April 1975-December 1978 


25 


~500 


Seasat 


July 1978-October 1978 


5 


20 or 100 


Geosat 


March 1985-December 1989 


4 


10-50 


ERS-1 


July 1991-May 1996 


3 


8-15 (PRARE:5) 


TOPEX/POSEIDON 


October 1992-present 


2 


2-3 


ERS-2 


August 1995-present 


3 


7-8 (PRARE:5) 



(B.2.1) Satellite Missions with Radar 
(B.2.1.1) SEASAT 

Satellite radar altimeters had predecessors on the 
SKYLAB satellite (launched 1973) and the GEOS- 
3 satellite (launched 1974), but the radar altimeter 
aboard SEASAT (launched 1978) was the first one 
that produced scientifically useful data. At first, 
satellite altimeter instruments were designed to 
survey the sea surface to determine the geoid, as 
the name SEASAT indicates. SEASAT was in op- 
eration only for a period of about three months 
(10 July to 9 October, 1978), this corresponds to 



Altimeter Observations 



late austral winter (late winter on the southern 
hemisphere) . 

Although SEASAT was only operational for such 
a short time, the existence of SEASAT altime- 
ter data makes this data type the oldest satellite 
geophysical data type. Because of this relatively 
long history of observations, altimeter data may 
be utilized for monitoring recent changes in the 
Earth. This is particularly important for observa- 
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tions of ice surfaces where changes are happening 
in present times! 

Although SEASAT was designed for oceano- 
graphic and ocean-geodetic observations, its data 
are of great value for ice research also. Data pro- 
cessing over flat ice areas works similarly to that 
over the ocean surface (Brown 1977; Partington 
et al. 1989), and initially routines for retracking 
were copied. Taking into account the specific and 
often complex surface properties of the ice lead to 
adaptation of processing methods and design of 
new ones (see section (B.3)). 



SEASAT flew at an orbit height of about 785 km 
above the Earth’s surface. Typical SEASAT 
groundtracks are shown in Figure B.2.1-1. The 
tracks have pseudo-rlrombic gaps, formed by as- 
cending and descending orbits, appear slightly 
curved in this projection, and converge towards 
the southern limit. SEASAT did not track very 
accurately, and data from areas with morphologic 
relief were not retracked (see “improved” pattern 
in the track figure for GEOSAT, Fig. B.2.1-2). 




Figure B.2.1-1. Typical SEASAT ground track pattern. (All data collected during entire SEASAT 
Mission shown, but with a reduction in numbers to match capacity of plot software). Geographical area is 
Lambert Glacier/Amery Ice Shelf (see chapter (E)). Ground tracks are more continuous over the smooth and 
low-angle ice stream/ice shelf area, while large gaps occur over the mountaineous and rugged terrain west of 
the glacier, and smaller gaps occur over the mountaineous but less rugged terrain to the east of the glacier. 
Tracks of different revolutions do not repeat accurately. 
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east (km UTM) 



Figure B.2.1-2. Typical GEOSAT Exact Repeat Mission ground track pattern (All data collected 
during a time frame corresponding in season and length to SEASAT Mission shown, but with a reduction in 
numbers to match capacity of plot software). Geographical area is Lambert Glacier/ Amery Ice Shelf (see chapter 
(E)). Ground tracks are more continuous than those of the SEASAT Mission, with some gaps occuring over the 
mountaineous regions along both margins of the ice stream/ice shelf area. Tracks of different revolutions repeat 
accurately. Ground tracks converge towards the northern and southern limits of GEOSAT radar-altimeter-data 
coverage at 72.1° N and 72.1° S, respectively, here visible for the southern limit. 



(B.2.1.2) GEOSAT 

After SEASAT, GEOSAT (U.S. Navy Geodetic 
Satellite) was launched into the same orbit (about 
785 km above the Earth’s surface) and with a sim- 
ilar altimetry instrument on board. 

A major objective of the GEOSAT mission were 
measurements of the marine geoid. GEOSAT also 
provided sea-state and wind observations, which 
were useful for U.S. Navy operations. GEOSAT 
was operated in geodetic missions and exact re- 
peat missions (see section (B.2.2)), the denser cov- 
erage Geodetic Mission data remained classified 



(unavailable to the scientific community) for sev- 
eral years. Exact Repeat Mission data provided 
the first long-term high-quality altimeter data 
available to the scientific community. Although 
GEOSAT was also designed primarily for marine 
studies, its data proved very useful for ice-sheet 
research, after methods had been adapted ade- 
quately for the processing and interpolation over 
ice. Both GEOSAT Geodetic Mission and Exact 
Repeat Mission data are evaluated in the Atlas. 
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GEOSAT collected data from March 1985 to De- 
cember 1989, the first geodetic mission was 01 
April 1985 to 30 September 1986. 

GEOSAT flies around the Earth at an elevation 
of ca. 785 km, following a spiral track revolving 
around the globe, such that each track is at an 
oblique angle with the equator; the tracks do not 
reach all the way to the poles (orbital coverage of 



(B.2.1.3) ERS-1 and ERS-2 

The ERS-1 and ERS-2 satellites were built by 
the European Space Agency (ESA), both satel- 
lites carry a suite of instruments including an al- 
timeter. The ERS altimeters on both satellites are 
of the same type (but different in design from 
the GEOSAT altimeter). ERS satellites fly also at 
about 785 km above the Earth’s surface, and they 
follow sun-synchronous orbits. ERS-1 collected al- 
timeter data from July 1991 to May 1996, at which 
time the altimeter was switched off deliberately 



GEOSAT altimetry extends to 72.1° southern lat- 
itude) and the next track is offset to the previous 
one by a certain distance, which can be changed 
during the operation of the satellite (by signals 
that are sent to the satellite from computers at 
a ground control center / mission control center 
on the Earth). Data density increases towards the 
limit of coverage (72.1° southern latitude) because 
of the convergence of the groundtracks. 



(unfortunately!), but other instruments continue 
to work (e.g., the SAR instrument, which has a 
much higher data volume). ERS-2 started in Au- 
gust 1995 and has been collecting data to the 
present (2003). So, for several months, both ERS-1 
and ERS-2 were following each other with an 8-day 
or a 1-day separation and collecting data at the 
same time. ERS-1 and ERS-2 also carry a number 
of other instruments, including SAR instruments 
and instruments for precise orbit determination. 



(B.2.1.4) Other Missions with Altimeters, and Related Missions 



The heritage of satellite radar altimetry goes 
back to SKYLAB, launched in 1973, which was 
the first space-borne active microwave remote- 
sensing spacecraft. From the first satellite radar 
altimeter to today’s altimeters, the technology has 
evolved considerably. SKYLAB carried a general- 
ized active/passive microwave measurement sys- 
tem, S193, part of which was the altimeter. The 
altimeter was designed to measure the influence 
of ocean-state effects on the radar pulse char- 
acteristics. Flying at a relatively low altitude of 
435 km and using a pulse- width of 0.1 microsec- 
onds, the SKYLAB altimeter obtained a resolu- 
tion of 15 m, but operated only over short seg- 
ments. Large features of the marine geoid such as 
anomalies induced by seafloor trenches could be 
resolved, which indicated that satellite altimetry 
works in principle. 

In 1974, the NASA satellite GEOS-3 was launched 
into an 840 km orbit above the Earth’s surface, it 
carried an altimeter that for the first time used 
pulse compression (see section (B.2.3)). GEOS-3 
collected data from April 1975 to December 1978. 
The first satellite that yielded scientifically useful 
data was SEASAT (section (B.2.1.1)), launched in 



1978. The SEASAT altimeter used improved tech- 
nologies, notably a technique called full deramping 
(see section (B.2.3)). 

Another satellite that carries an altimeter is 
the TOPEX/POSEIDON satellite of NASA 
and CNES (Centre National d’Etudes Spatiales, 
Toulouse, France) at a 1336 km orbit. 

Recent and future missions are the following: 
JASON-1 (Menard et al. 1999) is a joint US- 
Frenclr mission designed to measure sea-surface 
properties as TOPEX/POSEIDON, a follow-up 
mission JASON-2 is planned for 2004. A next- 
generation altimeter was launched recently (in 
September 2002) aboard ENVISAT, a large ESA 
satellite designed to observe the Earth — land, 
ocean, ice surfaces and the atmosphere — through 
a multitude of isntruments (as described in section 
(B.l)). ENVISAT follows the tendency to make 
many complementary observations from one satel- 
lite platform. Much of its payload continues in- 
strumentation of ERS-1 and ERS-2, so observa- 
tions can be used for monitoring. The radar al- 
timeter, RA-2, is similar to the ERS-1/2 altime- 
ters. DORIS is used for orbit determination (see 
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(B.2.3)). ENVISAT follows ERS-1/2 orbits, usu- 
ally several years lie between the launch of a new 
satellite and the derivation of higher-level prod- 
ucts that may be of interest to the scientific com- 
munity, and, later, to the general public, because 
engineering, calibration and validation, hand in 
hand with derivation of adequate processing meth- 
ods, needs to take place for any satellite data type. 

GRACE (Gravity Recovery and Climate Experi- 
ment), a joint US-German venture, uses a pair of 
low earth-orbiting satellites whose relational dis- 
tance is precisely determined (Wahr et al. 1998). 
Geoicl accuracy from GRACE data will be bet- 
ter than 1 cm on spatial scales of greater than 
or equal to 200 km, corresponding to half wave- 
length. GRACE was launched in March 2002, the 
commissioning phase was completed in May 2003, 
and at present (Oct. 2003) the validation phase is 
started. GOCE (Gravity Field and Steady-State 
Ocean Circulation Explorer) is a planned high- 
resolution gravity mission of ESA (mid-2004?). 
Gravity gradiometry and GPS precision tracking 
in a very low orbit are expected to yield 1 cm accu- 
racy of geoid undulations with a spatial resolution 
of 100 km (LeGrancl and Minster 1999). 

The fact that ERS-1, ERS-2 and ENVISAT are 
flying on a sun-synchronous orbit leads to alias- 
ing errors of the solar constituents and thus lim- 



(B.2.2) Mission Types: Exact Repeat 

There are two types of missions for altimetry map- 
ping: (a) exact repeat missions, and (b) geodetic 
missions, which differ in their scientific objectives 
and their groundtrack pattern. 

Exact Repeat Missions 

During an exact repeat mission, the satellite or- 
bits repeat exactly in location, in space as well as 
relative to the Earth, so the groundtracks repeat 
“ecactly” also. For instance, the GEOSAT repeat 
cycle is 35 days. Data from ERMs facilitate the 
study of changes of areas covered by the ground 
tracks, at regular time intervals. In the GEOSAT 
Exact Repeat Mission, the orbits were designed 
such that SEASAT orbits were repeated (hence 
here the term “exact repeat” may have a twofold 
meaning) . 



its accuracy. But information on that effect may 
be obtained from correcting non-sun-synchronous 
altimetry with upcoming GRACE/GOES geoids 
and apply that to older altimetry-derived sea sur- 
faces. With 100 km or better accuracy, mean 
structures of boundary currents, the Antarctic cir- 
cumpolar current, and mesoscale eddies can be 
mapped, which will be useful for ocean models, 
coupled ocean-atmosphere models and for simu- 
lation and prediction of interannual and decadal 
variability. 

Altimeter measurements of higher accuracy than 
satellite radar altimeter measurements are ex- 
pected from laser altimetry. A satellite laser al- 
timeter instrument, the Geoscience Laser Altime- 
try System (GLAS) was recently launched aboard 
ICESAT on January 12, 2003. GLAS has a much 
smaller footprint than a radar altimeter, so GLAS 
data can be used to study features of higher reso- 
lution (subscale morphology, relative to radar al- 
timetry), such as crevasses, surface roughness and 
micromorphology of glaciers. GLAS is designed es- 
pecially for the study of glaciers and ice sheets. 
From simulations of typical GLAS and GRACE 
data, it is expected that a combined evaluation of 
both data types will yield information on Antarc- 
tic mass balance changes and postglacial rebound 
at scales of 250 km (Wahr et al., 2000; Velicogna 
and Wahr, 2002) 



Missions and Geodetic Missions 

Since most satellites carry more than one instru- 
ment, the optimal mission design is influenced by 
the coverage and processing plans for several in- 
struments. For instance, the Exact Repeat Mis- 
sion track pattern facilitates comparison of two 
data sets from the same location (if the ground 
tracks repeat with sufficient accuracy such that 
footprints of the data sets overlap on the ground). 
A good example is a technique of deriving infor- 
mation from phase differences calculated for two 
SAR data sets from the same location, termed 
SAR interferometry. If the phase differences can 
be attributed to a single cause, or a combination 
of well-controlled causes, results on the dynam- 
ics of a glacier may be derived; this method is 
called interferometry (e.g. Goldstein et al. 1993, 
Feigl and Dupre 1999) . Similarly, earthquakes over 
desert areas may be studied. For the interferomet- 
ric method to work, groundtracks need to repeat 
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very closely, for example, in the example of Gold- 
stein et al. (1993), the difference in groundtrack 
location was only 4 meters. Usually, the difference 
is much larger (typically tens or hundreds of me- 
ters or several kilometers). 

It is important to notice that the orbit scheme 
is, of course, determined for the satellite under 
consideration of the potential applications of all 
the instruments aboard. So, the orbit type optimal 
for an application that may utilize interferometric 
evaluation of SAR data may not be optimal for 
mapping from altimeter data, and vice versa; or, 
two applications that both require altimeter data 
may be associated with two different requirements 
for an optimal orbit setup. 

Ground reflectors are placed in several locations 
around the Earth to help the satellite maintain 
its orbital track within a certain limit of accuracy. 
When the satellite passes over the ground reflec- 
tor, it sends a “CHIRP” to the reflector, and the 
reflector sends a “CHIRP” back. (A “CHIRP” is 
a signal that quickly goes through a range of fre- 
quencies.) Using the “CHIRP”, the actual position 
of the satellite is calculated and related to the pre- 
determined, theoretical orbit position, where the 
satellite should be at this time of the overpass 
over the ground reflector. If the difference exceeds 
a threshold, the satellite is “moved” back to the 
correct orbit location ( “moved” — by a computer 



command). This is an automated procedure pro- 
grammed to maintain orbit repeat accuracy. The 
disadvantage of ER.Ms are the large gaps between 
the resultant groundtracks — 40 km diamond- 
shaped gaps remain in the example of Lambert 
Glacier (and other areas of the same latitude) (see 
Figure B.2.1-2). 

Geodetic Missions 

To the contrary, during a geodetic mission, the 
satellite is allowed to drift. This results in much 
denser groundtracks (cf. Fig. B.2.2-1) than in 
the Exact Repeat Mission (Fig. B.2.1-2). Conse- 
quently, gaps between adjacent tracks are much 
smaller (only a few kilometers, with variable dis- 
tance). For mapping larger areas, this is preferable. 
Changes in surface elevation can then be detected, 
if maps from two different time intervals are com- 
pared. Depending on the “repeat” of the orbit, it 
takes several months to achieve complete coverage 
of the Earth (or, of any given large area within the 
limits of orbital coverage). 

GEOSAT GM data were unavailable to the sci- 
entific community for several years (the satellite 
was operated by the U.S. Navy), but were later 
released. The GEOSAT Atlas maps are based on 
1985-86 GEOSAT GM data. We determined that 
6 months of satellite altimeter data were sufficient 
to construct a map (see section (C.l), below). 



(B.2.3) Radar Measurement Principles 

The section on radar measurement principles fol- f 
lows largely Chelton et al. (2001). More detailed I 
descriptions are found in Ulaby et al. (1981, i 
1986a, b). c 

I 

The concept of satellite radar altimetry is to mea- ^ 
sure the distance from a satellite that orbits the .. 

C 

Earth to points on the Earth’s surface. The altime- £ 
ter is an instrument carried aboard the satellite. 

C 

The altimeter transmits a pulse of microwave ra- j 
diation out toward the Earth’s surface, the pulse 
is reflected at the surface and received back at 
the altimeter on the satellite. From the two-way £ 
travel time — the time it takes the signal to travel £ 
from the satellite to the surface and back — , the c 
range satellite-surface is calculated, and from that 
the height of the satellite over the ground point, 



from which the signal was reflected, is determined. 
Knowing the position of the satellite at that time 
in its orbit around the Earth allows calculation 
of the elevation of the Earth’s surface (in that 
point). Data recorded by the instrument aboard 
the satellite are communicated down to receiving 
and archiving facilities on the Earth. As simple 
as the principle of altimetry is, as complex is the 
actual accurate calculation, because many factors 
influence the travel time and the reflection of the 
energy. At the surface, part of the energy is lost 
due to interaction of the pulse with the rough sur- 
face ( surface scattering ) or due to partial penetra- 
tion of the pulse into the upper part of the land, 
sea or ice ( volume scattering). Both surface and 
volume scattering are related, because, depending 
on scale, scattering off a rough boundary surface 
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Figure B.2.2-1. Typical GEOSAT Geodetic Mission ground track pattern. (All data collected during 
GEOSAT Atlas time frame shown, but with a reduction in numbers to match capacity of plot software). 
Geographical area is that of Atlas map m69e61-77n67-721 Lambert Glacier. Retrac.king difficulties, and hence 
gaps in the ground-track pattern, occur over rough terrain (mountaineous areas) and breaks in slope (ice front, 
glacier margin). 
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at high resolution appears as scattering in the vol- 
ume at lower resolution (imagine snow crystals at 
high resolution and a smooth snow surface at low 
resolution) . 

Many conditions influence the travel time — atmo- 
spheric conditions (clouds, water vapour, aerosols, 
dry gases, ionospheric electrons; see section (C.l) 
on corrections, and section (B.3) on specific prob- 
lems related to the survey of ice surfaces). 

The range R computed using two-way travel time 
t and speed of light c is 

R= f (B- 2-1) 

(refraction is neglected). 



Taking corrections ARj,j = 1, . . . n into account, 
the range from the satellite to the surface is 

n 

R = R~J2 AR i ( B -2 - 2) 

3 = 1 

where ARj are corrections, e.g. atmospheric ef- 
fects or scattering. Notice that all corrections 
are assumed to be positive ( ARj > 0 for all 
j = l,...,n), consequently, the elevation would 
be overestimated without corrections. Determina- 
tion of the ground location is termed “retracking” 
there are many factors to consider in retrack- 
ing, as we will see in the section on data processing 
later. 

In addition to environmental factors requiring cor- 
rections, instrumental corrections are necessary. 
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The latter include corrections for tracker bias, 
waveform sampler gain, calibration biases, an- 
tenna gain patterns, Doppler shift, range acceler- 
ation, oscillator drift, and pointing angle. 

Because the first satellite carrying an altimeter, 
SEASAT, was designed for oceanographic and 
ocean-geodetic observations, data processing fol- 
lowed the principles of processing over the oceans. 
SEASAT data are also valuable for ice research. 
Data processing over flat ice areas works similarly 
to that over the ocean surface (Brown 1977; Part- 
ington et al. 1989), and initially routines for re- 
tracking were copied. Taking into account the spe- 
cific and often complex surface properties of the 
ice lead to adaptation of processing methods and 
design of new ones (see section (B.3)). 



Frequency bands. Radar Equation. 

Because of physical properties of the atmosphere 
and the sea surface, the optimal frequency range 



for satellite altimetry is 2-18 GHz, this is within 
the microwave frequency range. 

Frequency band allocations (defined in Ulaby et 
al. 1981) are: S-band 1.55-4.20 GHz, C-band 4.20- 
5.75 GHz, X-band 5.75-10.9 GHz, and K c/ -ba,nd 
10.9-22.0 GHz. 

Above 18 GHz, atmospheric attenuation increases 
rapidly; thus the signal would loose power on its 
way through the atmosphere. At frequencies below 
2 GHz, Faraday rotations and refraction of electro- 
magnetic radiation by the ionosphere increase, and 
interference from ground-based sources increases 
(navigation, communication, radar; civilian and 
military sources). Also the antennas would have 
to be too big. 

The size of the antenna footprint on the Earth’s 
surface is proportional to the wavelength of the 
electromagnetic signal and inversely proportional 
to antenna size. Use of smaller antennas is possi- 
ble using pulse compression, the standard method 
is using pulse-limited signals. 




Figure B.2.3-1. Principle of satellite altimeter measurements. 9 - antenna pointing angle. 9' - incidence 
angle. R -satellite altitude above nadir point. Rg - slant range of radar measurement and pointing angle 9. A f 
- antenna footprint area. The surface is an ellipsoid with large-scale geoid undulations, eg., an Antarctic ice 
surface. 



The principle of satellite altimeter measurements 9 - antenna pointing angle 
is sketched in Figure B.2.3-1, where the following 

variables are introduced: ^ “ incidence angle 

R -satellite altitude above nadir point 




22 



Rg - slant range of radar measurement and point- 
ing angle 9 

Af - antenna footprint area 

The normalized radar cross section. Power of the 
transmitted versus power of the received signal. Be- 
cause of the shape of the Earth and its topography 
here one should not only think of topography of 
mountain ranges, but also topography of the sea 
surface, which relates to geoid undulations, and 
ice sheet topography — the antenna pointing an- 
gle 9 is not equal to the incidence angle 6' . More 
explicitly, the antenna pointing angle is the angle 
between the boresight of the antenna, which cor- 
responds to the peak of the antenna gain, and the 
line from the satellite’s center of mass to the nor- 
mal onto the Earth surface. The incidence angle 
is the angle between the line of propagation and 
the normal to the surface at the point of incidence. 
However, since geoid slopes rarely exceed 10~ 4 and 
incidence angles are ss 1 °for altimetry (Brenner 
et al. 1990; Minster et al. 1993), 9 « 9' , and also 
R~Rg for altimetry. 

Parameters of a radar system are: 



The radar equation (eqn. B.2-3) characterizes the 
backscattered power from location cL4 as isotrop- 
ically scattered by a sphere with cross-sectional 
area cr, hence <j is called radar cross section of the 
differential target area dA. In practice, backscat- 
tering is from a rough surface (not from spherical 
elements), and hence dP r and cr can only be con- 
sidered average quantities. Scattering properties of 
the surface (in the antenna footprint) are charac- 
terized by differential radar cross section per unit 
area, denoted <to, for which a = a^dA holds. The 
term erg is the normalized radar cross section, the 
unit is decibel; the value of cr 0 varies over the foot- 
print area. Measurements of actual surface rough- 
ness are therefore important for calibration of new 
satellite sensors. A method to measure ice surface 
roughness on the ground has been developed by 
Herzfeld et al. (1999b), this may be used to un- 
derstand the influence of surface roughness on the 
altimeter signal. 

Total returned power is obtained by integrating 
over the illuminated area Af. 



A - wavelength of transmitted and received elec- 
tromagnetic radiation, 

P t - transmitted power [Watts], 

G t - transmitting antenna gain, 

G r - receiving antenna gain. 

Since the same antenna is used for transmitting 
and receiving in altimeter systems, G is used for 
G t and G r . 



This equation assumes that the footprint is small 
enough such that R and t\ are approximately con- 
stant over Af, but G is under the integration be- 
cause G depends on 9 and (less) on azimuthal an- 
gle and therefore varies over Af. Hence, do is the 
only unknown in the equation! 

If one assumes that the surface is spatially homo- 
geneous, or that an average a o is known, then eqn. 
(B.2-4) can be rearranged to 



The parameter dP r , the backscatter power from a 
differential area dA within the antenna footprint 
(on the sea surface), is calculated using the 

Radar Equation 



dP r = t\ 



G 2 \ 2 P t 

(47r) 3 f? 4 a 



{B. 2 - 3) 



where a is the proportionality factor, in [to 2 ], 
and t\(R, 9) is the atmospheric transmittance (de- 
fined as the fraction of electromagnetic radiation 
at wavelength A that is transmitted through the 
atmosphere from altitude R at off-nadir angle 9), 
and two-way transmittance is t\(R, 9). 



(4 k) 3 R p 

t 2 G 2 \2A eff P t K 



{B. 2 - 5) 



i.e., to calculate do from the other quantities. 

(Here, Go is the boresight antenna gain, A e ff the 
effective footprint area, which is approximately 



A eff = 



G 2 (9) 

2 



{B. 2-6) 



for angles 9 such that the signal hits Af. Conse- 
quently, P r , the returned power, and thus cr o de- 
pend only on surface roughness. The value of cr 0 
is independent of the altitude of the measurement 
(if scattering properties are homogeneous in Af). 
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More information on radar backscattering is found 
in Ulaby et al. (1986a, b). Radar backscatter the- 
ory is based on the principle of physical optics, 
alternatively, on geometrical optics. Commonly, a 
discretization of the surface into small facets is 
used in model calculations. 

Atmospheric attenuation. Atmospheric attenua- 
tion (lack of transmittance of the signal) depends 
on latitude: The transmission is better over the 
polar latitudes than over the tropical latitudes, be- 
cause the thickness of the troposlrere is 18 km over 
the tropics, 10 km at mid-latitude, and least over 
the poles, and moisture is highest in the tropics 
also. In the troposphere, moderately strong water 
vapor absorption occurs at 22.235 Ghz, and there 
are strong oxygen absorption bands at 50-70 GHz 
and at 118.75 Ghz, and there is strong water va- 
por absorption at 183.31 Ghz (Chelton et al. 2001, 
p. 7). 

Opacity (optical thickness) t\ is related to trans- 
mittance t\ by 

t\ = e~ TX (B. 2-7). 

Attenuation through a cloud-free atmosphere fol- 
lows Raleigh scattering (because atmospheric gas 
molecules are much smaller than radar wave- 
length) . 

Cloud attenuation. Clouds are opaque to infrared 
and visible radiation, but relatively transparent to 
microwave radiation. As a consequence, areas that 
are often clouded are difficult to observe in visible 
satellite imagery (eg. LANDSAT), but radar al- 
timeter data and SAR data can all be used (even 
on cloudy days), because the radar signal pene- 
trates clouds. This makes radar altimeter data, 
SAR data, and other microwave data particularly 
useful for the study of polar areas. Cloud attenua- 
tion does still affect microwave signals (this effect 
can be calculated), and rain has an even larger 
attenuation than non-raining clouds. 

Two-way travel time. Pulse-limited altimetry. An 
important aspect of altimeter design is the area 
of the Earth’s surface over which the range from 
the altimeter to the surface is measured, i.e. the 
area from which the signal is returned. The ideal 
footprint size depends on the science requirements 
or goals of the satellite mission. For sea-surface- 
oriented missions, the footprint size should be 



large enough to resolve baroclinic mesoscale vari- 
ability; clearly, an altimeter for ice-surface char- 
acterization would be designed according to dif- 
ferent constraints. The latter has been realized 
in the GLAS instrument aboard ICESAT, which 
was launched on January 12, 2003 (see section 
(B.2.1.4)). 

In addition, the footprint should be small enough 
that homogeneity of roughness characteristics of 
the surface inside the footprint may be assumed in 
order to simplify integration in the radar equation 
(see eqn. (B.2-4)). A footprint of 1-10 km satisfies 
the criteria for the sea surface. The footprint of an 
antenna is described in terms of the beam-limited 
footprint, defined to be the area on the surface 
within the field of view induced by the beam width 
(full width at half power) of the antenna gain pat- 
tern. 

For a narrow-beam antenna, antenna beam-width 
7 , orbit height R, and footprint radius r are re- 
lated by 

7 = 2tan~ 1 {^) « ^ {B. 2-8) 

The antenna beam width for a circularly symmet- 
ric antenna gain pattern is related to the antenna 
diameter d by 

7 = k± (B. 2-9), 

where A is the wavelength and k a constant of 
the illumination pattern across antenna aperture. 
However, beam-limited antennas would often have 
to be impracticably large, and they are highly sen- 
sitive to antenna-pointing errors. 

Hence, pulse-limited antennas are built: A very 
short pulse (duration a few nanoseconds) is trans- 
mitted from an antenna with a smaller diameter 
and correspondingly larger beamwidth. The foot- 
print size over which the range to nadir mean sur- 
face level is determined is effectively defined by the 
pulse duration. Antenna diameters are d = 1.6 m 
for SEASAT, 2.1 m for ERS-1 and ERS-2, and 
1.5 m for TOPEX/POSEIDON, since the pulse ex- 
pands spherically, the travel time is independent of 
the antenna pointing angle 9 (as long as the point- 
ing angle 6 does not exceed half beamwidth). 

Average returned waveform. The pulse-limited 
footprint area represents the area on the surface 
where reflecting facets contribute to the returned 
signal measured by the altimeter. The radius of 
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the outer perimeter of the expanding signal de- 
fines the maximum extent, but in a rough (or 
real!) surface, only a small fraction of the facets 
that approximate the surface are illuminated by 
the short pulse. 

Pulse compression is a technical method to over- 
come the white noise internally generated in all 
radar transmitters (Chelton et al. 2001, p. 23). A 
high signal-to-noise ratio can be achieved by trans- 
mitting a long pulse - but that is undesirable, as 
just stated, because the pulse-limited footprint in- 
creases with pulse duration. The small footprint 
size of the short pulse can be preserved, however, 
by transmitting a frequency-modulated long pulse 
(a CHIRP) and analyzing the returned signal in 
a way that is equivalent to having transmitted a 
short pulse. The frequency modulation commonly 
used in altimetry radar signals consists of a trans- 
mitted signal (called CHIRP) that is swept lin- 
early from a frequency f± to a lower frequency /2 
over a pulse duration t' . This technique is used on 
the GEOS satellite, for example. 

An onboard adaptive tracking unit (called ATU), 
consisting of a microprocessor, performs process- 
ing of the returned radar signals provided by the 
hardware parts of the instrument and generates in- 
formation sent to ground receiving stations. The 
ATU also controls the instrument hardware via 
the “synchronizer” which generates the timing of 
transmitted and deramping chirps and other sig- 
nals, such as signals sent to the satellite to keep it 
on the correct orbit. 

Corrections include instrument corrections (cor- 
rections for Doppler-shift errror, acceleration er- 
ror, oscillator drift error, pointing angle error) and 
range estimation (corrections for atmospheric re- 
fraction, dry tropospheric and wet tropospheric re- 
fraction, ionospheric refraction (dielectric proper- 
ties of the upper atmosphere caused by the pres- 
ence of free electrons)). 

Precision orbit determination. Precision orbit de- 
termination is the procedure for determination of 
the three-dimensional location of the satellite’s 
center of mass (called orbit ephemeris) at regularly 



spaced time intervals in a specified high-accuracy 
reference frame. Specific instruments in the pay- 
load of the satellite collect data necessary for orbit 
determination. The science and technology of pre- 
cision orbit determination has advanced consider- 
ably with the development of satellites. At time of 
SEASAT launch in 1978, the orbit error was about 
5 m (Lerch et al. 1982), errors were at about 1 m 
in the early 1980’s (Sclrutz et al. 1985), while the 
orbit error for TOPEX/POSEIDON could be re- 
duced to about 2 cm (see Table B.2-1). 

More information on orbit determination is given 
in Chelton et al. (2001, p. 64-86). Briefly, orbit 
determination involves calculation of the satel- 
lite in motion, effects of gravitational forces, geo- 
graphically correlated errors, effects of the geode- 
tical reference frames used, forces of atmospheric 
drag and solar and terrestrial pressure. Preci- 
sion satellite tracking systems are needed, exam- 
ples of such systems are satellite laser ranging 
(SLR, used on all altimeter-carrying satellites ex- 
cept GEOSAT), DORIS (TOPEX/POSEIDON), 
PR ARE (ERS-2), GPS (TOPEX/POSEIDON), 
TRANET/OPNET (SEASAT, GEOSAT), and 
TDRSS (TOPEX/POSEIDON). 

TRANET, the initial satellite tracking system 
used for SEASAT in 1978, consisted of a global 
network of 40 ground receivers using the Doppler 
principle. SLR uses satellite laser ranging (thus the 
name), DORIS is again a Doppler system. PR ARE 
was developed by the German Space Agency 
(DLR) and provides two-way dual-frequency range 
and rate data; it failed for ERS-1 but worked for 
ERS-2. The data are collected aboard the satellite 
and processed at Geoforschungszentrum Potsdam, 
Germany (Reigber et al. 1997). 

The Global Positioning System (GPS) is a space- 
based radio navigation system, developed under 
the auspices of the U.S. Department of Defense. 
The space segment consists of a minimum of 24 
satellites in circular orbits 20200 km above the 
Earth’s surface. A minimum of 4 satellites is nec- 
essary to determine location, and by design of 
the constellation a GPS user anywhere on the 
Earth will almost always observe 6-11 satellites 
(Hofmann- Wellenhof et al. 1993). 




25 



(B.3) Analysis of Satellite Radar Altimeter Data over Ice Sheets 
and Glaciers 

(B.3.1) Problems and Methods of Mapping Ice Surface Elevation 



The first satellite radar altimeters were designed 
for mapping the ocean surface. Hence, processing 
methods were also oriented at satellite radar al- 
timeter data collected over the oceans. While the 
ocean surface is by no means flat, but character- 
ized by waves and influences on those by tides, 
wind, seastates and other environmental factors, 
the complex and different characteristics of the 
ice surface of Antarctica and Greenland require 
adapted and additional processing steps. The land 
surface is not flat on the large scale, no matter how 
flat is defined or the reference surface is defined, 
but has a locally varying slope. Over large areas in 
the interior of the Antarctic continent, the slope 
is fairly small (and thus processing is easier and 
more similar to those of ocean returns), but the 
areas that are of greatest interest in the study of 
changes in the ice sheets are the margins of the 
continent — it is here that outlet glaciers flow into 
ice shelves, calve into the ocean, and that most 
changes occur. The gradient is largest and most 
variable in the marginal areas of Antarctica. Con- 
sequently, the value of mapping methods increases 
with their ability to handle processing of data col- 
lected over complex terrain. 

The ice surface has also numerous surface features 
that vary locally, such as crevasses, sastrugi, melt- 
water streams, and long- wave features induced by 
ice riding over a rough bedrock, the spacing of sur- 
face features varies from centimeters to kilometers. 

In this section, methods developed specifically for 
processing of satellite radar altimeter data over ice 
surfaces are introduced. In section (C.1.1) “Cor- 
rections applied to satellite radar altimeter data 
for ice surface mapping” , only those methods that 
are used in the data set underlying the Antarc- 
tic Atlas are mentioned, and also presented in a 
simpler context, for the reader who may be less 
familiar with or interested in remote-sensing tech- 
niques. 

For accurate topographic mapping, the data need 
to be corrected for the effect that the radar signal 
that is received first at the satellite is the one re- 
turning from the point of closest approach (PCA) 
(= the point located most closely to the satel- 



lite at this time) rather than the signal return- 
ing from the point at nadir (= directly below the 
satellite, in a line from the satellite and normal to 
the Earth’s surface). Only if the Earth’s surface at 
nadir and in its neighbourhood is perfectly flat, the 
PCA and the nadir coincide; if the surface has a 
slope, the points differ. As a consequence, the first 
return signal appears to come from a point that is 
higher and at nadir. The correction is called the 
slope correction. Most slope correction methods 
proceed iteratively, using an aproximative surface 
calculated assuming a flat surface, and then repro- 
cessing the data using the slope values from the 
first step. An example is the method by Brenner 
et al. (1983) used in the Atlas data. 

The next step of complication in the analysis of 
waveforms returned from surfaces with non-trivial 
relief is to consider the situation of a return from 
an area that consists of two or more parts with dif- 
ferent slope or roughness characteristics (see also 
B.3. 2). 

Martin et al. (1983) fitted a double-ramp-model 
waveform to returns from more complex surfaces. 
Where the waveform results from reflectors from 
two distinct surfaces, in particular, surfaces with 
two different slopes, this method works best. (This 
is the method used in the radar altimetry pro- 
cessing by the ice-slreet altimetry group at NASA 
Goddard Space Flight Center, and thus in the data 
utilized in this Atlas). Partington et al. (1987) sug- 
gest a method of retracking that uses the first 
return signal in the waveform as an indicator of 
the range. Brooks et al. (1983) retracked using the 
half-peak value in the waveform. Both the meth- 
ods of Brooks et al. (1983) and of Partington et 
al. (1987) have been applied to study the topog- 
raphy of Amery Ice Shelf and Lambert Glacier — 
this ice-stream/ice-shelf system has played a con- 
siderable role in the development of satellite radar 
altimetry processing methods (see also chapters 
(E) and (F)). The first-return method results in a 
higher elevation value than other retracking meth- 
ods, the difference is proportional to the width of 
the leading edge for ocean returns, but the method 
is particularly useful for retracking complex wave- 
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forms. Crevassed areas may be the cause for a large 
difference between the two values (Partington et 
al. 1987). 

When crossing a break in slope, the altimeter has a 
tendency to lock onto a reflector, before it contin- 
ues on track. This effect is called “snagging effect”. 
Consequently, the ice surface appears too high or 
too low beyond a break-in-slope, depending on the 
travelling direction of the satellite. In two cases, 
the consequences of a snagging effect are partic- 
ularly evident: (a) The margins of a glacier in a 
valley appear overdeepened, (b) Shelf-ice edges are 
often poorly tracked: When the satellite flies from 
the ice to the ocean side, the ice edge appears to 
be farther out, when it flies from the ocean up 



onto the shelf ice, there is a tendency for the ice 
edge location to be too far upstream. In the ice 
data records produced at NASA Goddard Space 
Flight Center, the ice edge is in the middle of both 
errors. Discussion of this effect and a correction 
method are given in Thomas et al. (1983): In a 
track where the satellite approaches the ice shelf 
edge, the range is determined from the earliest sig- 
nal associated with the lower (the sea-ice) surface, 
and the tangent point of a parabolic trajectory of 
the lower surface away from the satellite marks the 
position of the ice edge. 

In our Atlas, ice edges are often mapped surpris- 
ingly well. Details are discussed for specific glaciers 
in the map chapter (D). 



(B.3.2) Derivation of Ice Surface Roughness and Morphology 



The main and primary use of satellite radar al- 
timetry is the mapping of elevations. The poten- 
tial of using secondary information in satellite data 
records has been explored also. Secondary infor- 
mation is not the information that is planned to 
be recorded, but information that may also be de- 
rived from a given data set. For instance, radar al- 
timeter data contain information on roughness or 
on other surface characteristics which is of inter- 
est in the study of ice sheets and glaciers. Specific 
methods may need to be developed for the extrac- 
tion of secondary information from any data set, 
in other cases, the detection of secondary infor- 
mation may be a by-product of the primiary data 
processing. 

Partington et al. (1989) study the influence of 
snow grain size, surface roughness (amplitude of 
main features in the 0-3 m range), snow den- 
sity, and snow temperature on the altimeter data 
waveforms and their derivatives, for model wave- 
forms and averages of collected waveform data 
from Antarctica (Wilkes Land) and subareas of 
Greenland. As a result of their analysis, the au- 
thors suggest that (a) surface properties need to 
be taken into account to avoid retracking errors 
(the apparent surface is up to a few meters lower 
than the mean actual surface, if volume scatter- 
ing dominates and thus the waveforms are posi- 
tively skewed), (b) altimeter waveforms may in- 
dicate surface properties which may be related to 
wet/dry snow zones and percolation zones. Vari- 
ations in snow grain size and snow density re- 



sult in similar waveform variations, but surface 
roughness and temperature effects on the wave- 
form may be discriminated. It should be noted 
that (a) the model is based on a number of simpli- 
fying assumptions on snow properties (any model 
needs to make assumptions), and (b) the concept 
of surface roughness is simplified a lot, as one 
type of feature of one height is assumed, rendering 
a one-parametric model. The surface topography 
of the ice is far more complex, however, as high- 
resolution measurements of the Greenland ice sur- 
face have shown (Herzfeld et al. 1999b; Herzfeld 
and Mayer, in press). 

A related hypothesis is that crevassed areas 
may be detectable in satellite-radar-altimeter- 
waveform processing, put forward in Parting- 
ton et al. (1987) in their study of Lambert 
Glacier / Amery Ice Shelf: There are different meth- 
ods of calculating the range (the distance from the 
point of reflection on the ground to the point of 
receipt of the signal on the satellite, see sections 
(B.2) and (C.l)), two of those are the method of 
first return and the method of half-peaks (both 
are features discernable in waveforms). The two 
methods yield different elevation values, and the 
difference between the two resultant values is at- 
tributed to the complexity of the ice surface from 
which the return stems; in the studied case this 
is an ice-stream/ice-shelf system with crevassed 
areas. An important challenge in the study of an 
ice-stream/ice-shelf system is the detection of the 
grounding line (the line where the ice shelf be- 
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comes afloat on the water of the ocean). A point 
of the grounding line may be found in waveform 
analysis. This method has, however, not been 
used to construct a grounding line across Lambert 
Glacier, as the processing possibilities were only 



demonstrated for individual satellite tracks by 
Partington et al. (1987). Mapping of the ground- 
ing line requires construction of a map first, this 
is further described in the sections on Lambert 
Glacier in chapters (D), (E) and (F). 




(C) Data Analysis Methods Applied in the Antarctic Atlas 



(C.O) Introduction 



Between the collection of raw altimeter data by the 
ERS-1 satellite and the presentation of maps show- 
ing surface elevation of the Antarctic Ice Sheet, 
there are many steps of data corrections and data 
processing, carried out by several groups of people 
at different institutions. Principles and methods 
of these corrections, processing and analysis algo- 
rithms are introduced in this chapter, in the order 
in which they are applied. Emphasis is placed on 
the context of each step and its necessity for cre- 
ation of maps of the Antarctic ice surface, more 
than on presentation of the specifics of the algo- 
rithms. 



First, radar altimeter data need to be corrected 
for various “errors” that occur during data collec- 
tion (C.l), caused by geophysical and atmospheric 
conditions that affect the traveltime of the sig- 
nal or the apparent traveltime. These steps are 
largely performed at the NASA Goddard Space 
Flight Center for the data used in this atlas. Data 
correction formats, algorithms and files have been 
developed by a geographically dispersed group of 
scientists and data analysts, organized, for ERS-1 
data, by ESA. A few problems remained after cor- 
rection, such as the bad-track problem, which was 
treated by the author’s group. Corrections of radar 
altimeter data render data in tracks, which need 
to be interpolated. Geostatistical methods (section 
C.3) are the methods used for interpolation, esti- 



mation, or inversion of the trackline altimeter data 
onto a regular grid. 

The question what constitutes a regular grid, how- 
ever, has many answers when it comes to mapping 
the ’’ball” of the Earth to one or many sheets of 
paper. Hence, map projection questions need to be 
dealt with prior to embarking on a mapping mis- 
sion of a region as large as the Antarctic (section 
C.2). A related question is that of the geodetical 
reference surface — the Earth may be approxi- 
mated by a ball, or an ellipsoid (a ball ’’flattened 
at the poles”, more precisely, compressed), or by 
the geoid, representing, simply speaking, the ele- 
vation of the ocean surface everywhere. These con- 
cepts and resulting effects on mapping the surface 
of a continent on Earth are introduced in section 
(C.4), and maps referenced to different surfaces 
are presented. 

Processing methods presented in sections (C.2)- 
(C.4) have been developed or adapted to the prob- 
lem at hand — mapping Antarctica from satellite 
radar altimeter data — by the author, and the 
resulting processing steps have been carried out 
by map teams of the author’s Geomathematics 
group at the Institute of Arctic and Alpine Re- 
search at the University of Colorado Boulder, Col- 
orado, USA, and of the Geomathematics Division, 
Universitat Trier, Germany. Other or more spe- 
cific references are given in the respective method 
sections. 
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(C.l) Corrections of Radar Altimeter Data 

(C.1.1) Corrections Applied to Satellite Radar Altimeter Data for 
Ice Surface Mapping 



Altimeter data from SEASAT, GEOSAT, and 
ERS-1/2 are used in mapping the Antarctic 
Ice Sheet. Altimeter data from the GEOSAT 
Geodetic Mission (GM 1995-96, 01 April 1985 
- 30 Sept. 1986) were selected for the Antarc- 
tic Atlas project because of their higher density 
of groundtracks resultant from the fact that the 
satellite was allowed to drift rather than being 
forced to repeat wider-spaced orbits exactly (as 
in the GEOSAT Exact Repeat Mission of 1987- 
1989). Orbital coverage of GEOSAT altimeter 
data extends to 72.1° southern latitude. Data den- 
sity increases toward the limit of coverage be- 
cause of the convergence of the groundtracks. The 
GEOSAT Atlas is based on altimeter data from 
one year of GEOSAT GM data (15 June 1985 - 
15 June 1986). 

Orbital coverage of ERS-1 extends to 81.5° south- 
ern latitude, and hence extends the area that 
is mappable from altimeter data by 9.4° latitude 
compared to GEOSAT. In section (C.2.3) it is ex- 
plained how the Atlas Mapping Scheme is designed 
to include map sheets of the same area where data 
from both satelites are available, and to extend to 
the southern limit of coverage for ERS-1 data. 

For ERS-1 Atlas maps, the time interval of data se- 
lected was determined under the constraints that 
it should be of the same length as that of the 
GEOSAT Altas data, provide sufficient data cov- 
erage to construct a map, and minimize seasonal 
effects. The selected time interval is February 1st 
to August 1st, 1995, which overlaps with the 168- 
day-repeat-cycle mission (until April 10 - March 
20, 1995) and with the 35-day-repeat-cycle mis- 
sion. Orbit separation at the equator is 8.3 km for 
data from the two 168 day-repeat cycles, orbit sep- 
aration at the equator is 39 km for a 35-day-repeat 
cycle; along-track spacing of ERS-1 radar altime- 
ter data is 335 m in all missions. There was no 
ERS-1 mission of geodetic type with a data dis- 
tribution as dense as for the GEOSAT Geodetic 
Mission. During the GEOSAT Geodetic Mission, 
the satellite was allowed to drift, whereas during 
the ERS-1 168-day-repeat-cycle mission the orbits 
were still repeated. 



Both GEOSAT and ERS-1 data used in the Atlas 
project were processed by the Ice Sheet Altime- 
try Group at NASA Goddard Space Flight Cen- 
ter (H.J. Zwally, J. DiMarzio, A. Brenner, and 
coworkers), using the following correction meth- 
ods: 

(a) transformation of “waveform data records” 
(WDR) into “ice data records” (IDR), 

(b) “retracking” , correction for position (Martin et 
al. 1983); see also Partington et al. (1987), Thomas 
et al. (1983) on ice-edge detection, 

(c) correction for atmospheric effects (Zwally et al. 
1983), 

(d) correction for solid earth tides (Zwally et al. 
1983), 

(e) slope correction of the ice surface (Brenner et 
al. 1983), 

(f) correction for water vapor (wet atmospheric 
correction) , 

(g) referencing to Goddard Earth Model (GEM 
T2) satellite orbits (Marsh et al. 1989), 

(h) resulting in elevations in meters above the 
WGS-84 ellipsoid. 

A general discussion of methods for processing 
satellite radar altimeter data over ice surfaces is 
given in section (B.3), here the methods that are 
employed in the processing of the ice-record data 
sets that are utilized in the Antarctic Atlas are 
described briefly. 

The process of retrieving the location of the point 
on the ground from which the satellite signal was 
returned is termed “retracking” . A series of wave- 
form data is received, and specifics of the wave- 
form yield the information on the reflected energy. 
Many effects change the traveltime and the en- 
ergy, thus the appearance of the waveform. The 
traveltime is affected by atmospheric effects (a 
wet atmosphere, for instance, is denser than a 
dry atmosphere, and the signal travels slower). 
Tides, caused by the gravitational effect between 
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the moon and the Earth, as known for the oceans, 
also exist for the solid Earth. The tidal waves of 
the solid Earth are much smaller than the differ- 
ences between low tide and high tide on the coast, 
but they still need to be corrected for. 

Satellite altimetry works best over surfaces with a 
low slope angle and few surface features, and, in 
fact, altimeters were designed for surveying ocean 
surface topography (“SEASAT”). Therefore, re- 
tracking methods were first designed for ocean sur- 
faces and their properties also. This is not appro- 
priate for retracking data from ice surfaces, which 
may contain crevassed zones, grounding lines, and 
other breaks in slope. 

Martin et al. (1983) therefore fitted a double- 
ramp-model waveform to returns from more com- 
plex surfaces. Where the waveform results from 
reflectors from two distinct surfaces, this method 
works best. Alternative methods for retracking of 
radar-altimeter data over ice surfaces include us- 
ing the half-peak value in the waveform (Brooks et 
al. 1983) or the first-return signal as an indicator 
of the range (Partington et al. 1987) (see section 
(B.3)). 

For accurate topographic mapping, the data need 
to be corrected for the effect that the radar signal 
that is received first at the satellite is the one re- 
turning from the point of closest approach (PCA) 
(= the point located most closely to the satellite 
at this time) rather than the signal returning from 
the point at nadir (= directly below the satel- 
lite, in a line from the satellite and normal to the 
Earth’s surface; on the problem of the geodetical 
definition of the surface, see section (C.4)). Only if 
the Earth’s surface at nadir and in its neighbour- 
hood is perfectly flat, the PCA and the nadir co- 
incide; if the surface has a slope, the points differ. 
As a consequence, the first return signal appears 
to come from a point that is higher and at nadir. 
The correction is called the slope correction. 

At NASA GSFC, the slope correction is carried 
out according to a method described in Brenner et 
al. (1983). This slope-correction method proceeds 
iteratively, by first calculating a surface ignoring 
slope effects, then calculating slopes for that sur- 
face, and then reprocessing the data using the 
slope values from the first iteration. In using this 
method, the assumption is made that the slope in 
the first step is sufficiently correct. Of course, the 
slope of the surface of the second iteration step is 



different. An alternative method for slope correc- 
tion has been developed by Bamber (pers. comm.). 
For topographic mapping, we use slope-corrected 
data. For calculation of elevation changes, how- 
ever, the slope correction is best not applied (see 
section (E) and Herzfeld et al. (1997)). 

The satellite orbits are calculated with respect 
to Goddard Earth Model (GEM T2) (see section 
(B.2)). 

Elevation is given with respect to WGS84, an el- 
lipsoid model of the Earth. Advantages and dis- 
advantages of mapping the ice surface above the 
ellipsoid or above the geoid are discussed in section 
(C.4). 

Data processing for ERS-1 data and for GEOSAT 
data is similar (as far as the scope of this book 
is concerned), every new satellite does, of course, 
require a new set of correction algorithms, and it 
should not be assumed that a program written for 
the analysis of one data set might work for the next 
data set from a different instrument as well. The 
ERS-1 altimeter is different from the GEOSAT al- 
timeter, but the GEOSAT altimeter is very close 
in design to the SEASAT altimeter, consequently 
each satellite has different data and accuracy char- 
acteristics. Even after corrections, there are re- 
maining offsets between any two satellites. For 
SEASAT and GEOSAT, these were about 30 cen- 
timeters, for ERS-1 and GEOSAT, a systematic 
offset has not been calculated to our knowledge. 

The geographically correlated, systematic orbit 
bias between SEASAT and GEOSAT ERM has 
been estimated as 0.083+/-0.131 m by Lingle et al. 
(1994) for the Lambert Glacier/Amery Ice Shelf 
region, i.e. GEOSAT ERM surface is systemati- 
cally slightly higher. 

Using the accuracy information in the table “Sum- 
mary of Past and Present Satellite Altimeter Mea- 
surement Precisions and Orbit Accuracies” in sec- 
tion (B.2), we can estimate the offset between 
GEOSAT and ERS-1, or at least put a boundary 
on it: 



|| elevGEOSAT — elevERS-i\\ 

< preCGEOSAT + prec E RS-i 
+ orbacccEOSAT + orbaccERS - 1 

(C.3 - 18) 
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which is 72 cm if the largest values for orbit accu- 
racy are used, and 22 cm, if the lowest values for 
orbit accuarcy are used (Table B.2-1). 

Our direct link to the Ice Sheet Altimetry Group 
was employed for transferring Ice-Data-Record 
(IDR) datasets. From each IDR dataset, those 
points with retracked and slope-corrected data 
were retained, prior to mapping. For each map 
sheet, a track plot is constructed to investigate 
coverage and ensure that coverage by retracked 
and slope-corrected data is sufficient. This was 
the case for all map sheets. A typical track map 
is given in Figure B.2.2-1 for GEOSAT data and 
in Figure C. 1.1-1 for ERS-1 data. The satellite 



groundtracks appear slightly curved, due to the 
projection, and they converge toward the southern 
limit of the satellite coverage, hence data density 
increases towards the southern limit. The density 
of the GEOSAT GM data is much higher than for 
the ERS-1 data. The ERS-1 data stem from Febru- 
ary 1, 1995-August, 01 1995, and hence partly 
from a 168-day-repeat-cycle mission (until March 
20,. 1995) and partly from a 35-day-repeat-cycle 
mission. The change of repeat cycles is visible in 
the track plots in that two track patterns are over- 
lain. As stated previously, the time frame was se- 
lected to minimize seasonal effects, while process- 
ing only 6 months of data. 
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Figure C. 1.1-1. Typical ground track pattern for ERS-1 data used in Atlas. (All data collected during 
ERS-1 Atlas time frame 01.02.1995-01.08.1995 shown, but with a reduction in numbers to match capacity of plot 
software). Geographical area is that of Atlas map m69e61-77n67-721 Lambert Glacier. Retracking difficulties, 
and hence gaps in the ground-track pattern, occur over rough terrain (mountaineous areas) and breaks in slope 
(ice front, glacier margin), but are generally relatively less frequent than for GEOSAT data. 
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(C.1.2) The Bad- Track Problem 
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Western Queen Maud Land (South)— ERS1 DATA, 1995 
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e339 — 1 5n78 — 8 1 5, WGS84, Gaussian variog., central mer. 357, slope 
corrected, scale 1:5000000, 990302 

Figure C. 1.2-1. Example of map with a bad track; ERS-1 data. 

Western Queen Maud Land (South)— ERS1 DATA, 1995 
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corrected, scale 1:5000000, 990302 

Figure C. 1.2-2. Example of map after correction of bad-track problem; ERS-1 data. 





After the processing carried out by NASA GSFC, with elevation (a) much lower than the surround- 
as described in section (C.1.1) above, ’’bad” tracks ing area, or (b) of about constant small (50 m) 
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difference to the surrounding area remained in sev- 
eral ERS-1 maps. An algorithm was developed to 
identify and remove these bad-track data (Herzfeld 
et al. 2000b). An example of a map with a bad 



track and corrected track using the algorithm by 
Stosius is given in Figures C. 1.2-1 and C. 1.2-2, re- 
spectively. 



(C.1.3) The Need for Interpolation of Geophysical Line Survey Data 



A disadvantage of radar altimeter data is that 
measurements are only taken by single radio 
beams along the groundtrack of the satellite (and 
evaluated for the center of the footprint — see 
section on corrections and retracking), so all data 
lie along groundtracks, and large gaps exist be- 
tween tracks, i.e. satellite radar altimeter data are 
geophysical line survey data. The typical pattern 
of line survey data is evident from the track maps 
(see section (C.1.1)). 



Radar altimeter data share these distribution 
properties with other geophysical or geological 
data from surveys that are carried out from ve- 
hicles that follow track lines: Aeromagnetics from 
planes, bathymetry from survey vessels, subma- 
rine magnetics or gravimetry from devices that 
are towed by ships, radio-echo soundings from 
sledges driven over a glacier. The resulting data 
distribution in any situation is characterized by 
dense information along the survey track and 
gaps of information in between. The data may 
be recorded continuously (radio-echo soundings, 
e.g. Jonsson et al. 1988) or discretely along a line 
(single-beam bathymetric surveys, satellite radar 
altimeter data), or on a stripe of varying width 



(multibeam deep sea sonar device, e.g. Herzfeld 
(1989a)). 

Such data cannot be interpolated directly by iso- 
line methods, but interpolation onto a regular grid 
is necessary beforehand. However, the spatial char- 
acteristics of geophysical track line data are not 
consistent with the properties expected of irreg- 
ularly distributed data in mathematical interpo- 
lation routines, hence specific search algorithms 
for data points are required in interpolation algo- 
rithms to avoid artefacts that resemble the track- 
line pattern. The necessity of appropriate software 
to evaluate survey line data was outlined earlier 
(Briggs 1974), one such algorithm is described in 
Herzfeld (1990). 

The interpolation method applied in the Antarc- 
tic Atlas project is kriging. Kriging methods are 
methods of geostatistical estimation. “Estima- 
tion” is probabilistic vocabulary, and corresponds 
to “interpolation and extrapolation” in the lan- 
guage of numerical analysis. For the analysis of 
altimeter data in the Atlas project, however, only 
interpolation and no extrapolation is needed, be- 
cause the coverage of the Atlas maps matches the 
coverage of the Earth by satellite data. The geo- 
statistical methods are explained in section (C.3). 



(C.2) Map Projection and Atlas Mapping 



One of the oldest problems in mapping the Earth is 
the definition of projections of the Earth’s surface 
onto a two-dimensional map sheet. For mapping 
purposes, the Geoid is commonly approximated 
by a sphere or ellipsoid. Desirable properties of 
map projections are conservation of area (equal- 
area projection), of distances (equal-distance pro- 
jection), of angles (equal-angle or conformal pro- 
jection), which are mutually exclusive when map- 
ping on a plane, and projection to a rectangular 
coordinate system (for examples see Hake 1982; 
Snyder 1987). Because it is not possible to satisfy 



all of these conditions, some projections have been 
defined that do not fulfill any conditions exactly, 
but a combination of them approximately (Hake 
1982; Snyder 1987). 

Orthogonal coordinate systems are advantageous 
for interpolation of irregularly distributed data 
and quantitative analysis, in particular if distance- 
dependent measures are involved. Geoscience data 
usually are collected with reference to geographic 
coordinates. Low distortion, orthogonal coordi- 
nates and distances given in meters are achieved 




35 



by the Universal Transverse Mercator (UTM) pro- 
jection. Mapping of large areas, in particular at 

(C.2.1) The UTM Projection 

The distortion if using geographic coordinates is 
particularly severe for mapping at high latitude. 
A useful projection algorithm for mapping at all 
latitudes is the Transverse Mercator projection. 

A Mercator projection is defined by a cylinder 
that is tangent to the Earth and a mapping to 
orthogonal coordinates. For the (common) Mer- 
cator projection, the tangent circle is the Equa- 
tor, for the Transverse Mercator projection, the 
tangent circle is a meridian (called the central 
meridian of the projection) . The advantage of the 
Transverse Mercator projection is that all lati- 
tudes are mapped with the same distortion. The 
disadvantage is that areas far away from the cen- 
tral meridian are strangely distorted. The solution 
provided by the UTM system is to rotate the cylin- 
der around the Earth in steps of 6° . Zone 1 corre- 
sponds to central meridian 177° W. The standard 
central meridians are at 3° (for 0°- 6°), 9° (for 6°- 



(C.2.2) The Atlas Mapping Problem 

For series of topographic maps in countries with 
a long tradition in mapping, algorithms have been 
designed to construct maps constituting an atlas: 
An atlas, in the sense of differential analysis (Hol- 
mann and Rummler 1972, p. 63), is a set of maps 
that 

(i) covers a given area completely (that is, each 
point in the area is contained in at least one map); 

(ii) projections restricted to areas that appear on 
two (adjacent) maps (subsets of two maps) are 
identical on the intersection. 

In cartography, only property (i) is required for an 
atlas, and the neighbourhood relationships need 
to be matched between sheets. For the user of a 
map series, an overlap of adjacent sheets is con- 
venient for identification of regional relationships 
of location close to the map edge. One problem 
with most map series is that for high latitudes a 
different projection algorithm is used, which is not 
designed for studies at a resolution used for lower 



high latitude, may require calculation in several 
adjacent map sheets. 



12°), 15° (for 12°- 18°) etc. The central meridian 
is projected with a factor of 0.9996, lines of true 
scale are approximately parallel and lie approxi- 
mately 180 km east and west of the central merid- 
ian. The border meridians are projected slightly 
lengthened, for example at 50° latitude with a fac- 
tor of 1.00015. The projection is defined every- 
where except 90° away from the central meridian. 
In the UTM scheme, the projection is chosen such 
that the central meridian is mapped to East co- 
ordinate 500,000, units are in meters; the North 
coordinate along the central meridian is in meters 
from the equator (along the ellipsoid). Any merid- 
ian, however, may be selected as central meridian 
and utilized in the projection. Inversion of the pro- 
jection back to geographic coordinates needs to use 
the same central meridian. UTM is conformal and 
close to an equal-area projection, it has orthogonal 
coordinates in meters. 



latitudes. Commonly, the Arctic and Antarctic are 
each mapped separately in one sheet, using the po- 
lar stereographic projection (e.g. US-UTM series; 
see Snyder 1987, p. 58). From the viewpoint of 
interpolation of irregularly distributed data onto 
a regular grid, an orthogonal coordinate system 
facilitates the algorithm and saves computation 
time. The latter is especially important if distance- 
dependent measures are used, such as in inverse- 
distance weighting or in geostatistical methods. 

Distance may be calculated on the sphere or on the 
ellipsoid (cf. Moritz 1984; Torge 1980), but this 
requires transformations at each step of the in- 
terpolation algorithm which usually is dependent 
on the number of points squared. In comparison, 
the number of essential operations for coordinate 
transformation depends only linearly on the num- 
ber of points. Methods involving the covariance 
function or the variogram (kriging, least-squares 
prediction; cf. Herzfeld 1992) would require esti- 
mation of the structure function over the ellipsoid 
which would be troublesome. It is apparent that 
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coordinate systems with orthogonal coordinates in 
meter units are thus extremely convenient for in- 
terpolation purposes. 

Common practice is not to change coordinate sys- 
tems, but to simply use geographic coordinates, 
which is unproblematic for small areas. For large 
areas, neglection of the coordinate transformation 
results in a severe distortion of the spatial struc- 
ture in the data. (Recall that 1° latitude is always 
about 111 km, but 1° longitude is cosine of latitude 



times 111 km; so, at 60° North/South it is only 0.5 
times 111 km or 55.5 km.) 

The distortion is particularly severe for mapping 
at high latitude. The Arctic and Antarctic are usu- 
ally treated separately in one map using the polar 
stereographic projection. Typically, such maps of 
polar regions are at a small scale and do not show 
much detail. The importance of the polar system 
in the Earth’s global systems and its role in ’global 
change’ have become increasingly recognized, and 
detailed maps of the polar regions have become 
more important. 



(C.2.3) The Solution: The Antarctic Atlas Mapping Scheme 



The solution to these requirements lies in mapping 
the Antarctic continent by an atlas, which consists 
of many individual maps that have orthogonal co- 
ordinates, a sufficiently large scale and resolution, 
are organized in latitudinal rows and have suffi- 
cient overlap to show not only each point, but each 
feature with a neighbourhood on at least one map. 
The Antarctic Atlas Mapping Scheme has all these 
properties. 

In the mapping scheme of the Antarctic Atlas, the 
UTM projection (see section (C.2.1)) is utilized 
for all maps, and standard central meridians are 
employed. 

The UTM projection does not satisfy condition (ii) 
of an atlas, if two adjacent maps belong to two dif- 
ferent central meridians; however, this defect may 
be compensated for by overlaps between neighbor- 
ing map sheets. This is realized for the Antarctic 
Atlas Mapping Scheme, with a scale of 1:5.000.000 
and 3 km grid nodes. 

Sufficient overlap of adjacent sheets is convenient 
for the user of the atlas and necessary to en- 
sure that each point of Antarctica is contained 
in at least one map despite of the distortion of 
the map edges introduced by the projection al- 
gorithm. With the help of the computer program 
TRANSVIEW especially developed to facilitate 
atlas design (Herzfeld et al. 1999a), we decided on 
the following setup for projection and map sheets: 



Rows: 

63° - 68° S, 

67° - 72.1° S, 

71° - 77° S, 

75° - 80° S, 

78°- 81.5° S 

In rows 63° - 68° S and 67° - 72.1° S maps are of 
16 degrees longitude nominal size and overlap 2 
degrees on each side, so each map is offset against 
the next one by 12 degrees longitude. 

Latitude 72.1° South marks the poleward limit of 
coverage of altimeter data from the SEASAT and 
GEOS AT satellites. Following the collection of 
satellite data, the GEOSAT Atlas was designed 
and calculated first. Map sheets of the ERS-1 Atlas 
are designed to match those of the GEOSAT At- 
las, and to cover Antarctica to 81.5° S, the south- 
ern limit of ERS-1 coverage. 

In rows 71° - 77° S, 75° - 80° S, and 78° - 81.5° 
S maps are of 36 degrees longitude nominal size, 
overlap is 6 degrees on each side, offset of two 
adjacent maps is 24 degrees longitude. The map 
names (e.g. m69e61-77n67-721) give central merid- 
ian (69° ) and extent of the nominal map area (61° 
to 77° E, 67° to 72.1° S (the minus in the north co- 
ordinate was dropped in the file names for ease of 
reading)). The true map area is then the maximal 
area contained in the nominal map area with the 
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Figure C.2.3-1. Antarctic Atlas Mapping Scheme: Coverage of the Antarctic continent by maps 
in latitude rows 63°-68°S, 67°-72.1°S, 71°-77°S, 75°-80°S, 78° -81.5° S. 



property that it has straight edges in the UTM co- 
ordinate system and the grid coordinates are mul- 
tiples of 3000 (Herzfeld and Matassa 1999). All 
maps in one row have the same size and grid co- 
ordinates. The most extreme row (in that it fea- 
tures the largest differences between UTM and ge- 
ographic coordinates) is the southernmost row. 

Dimensions of map sheets are listed in Table C.2.3- 

1 . 

Grid Spacing. Maps are based on digital eleva- 
tion models with 3 km grid nodes. The selection 
of the grid spacing has a glaciologic reason: The 
resolution needs to be high enough to allow for 
glaciologic modeling which includes longitudinal 
stress gradients, at least for larger glaciers and 
ice streams, but low enough to avoid too much 
complexity. More precisely, the horizontal reso- 
lution of the DTM should be sufficient for nu- 



merical models that take into account longitudi- 
nal stress gradients, while being coarse enough to 
warrant neglecting the so-called T-term (a dou- 
ble integral over a coordinate perpendicular to the 
glacier surface of the second derivative of the shear 
stress, in the longitudinal direction) in the lon- 
gitudinal stress equilibrium equation (Kamb and 
Echelmeyer 1986). The spacing of 3 km is ap- 
proximately equal to three times the ice thick- 
ness in the vicinity of the grounding line (ex- 
actly for Lambert Glacier/ Amery Ice Shelf and 
roughly for other large ice-stream/ice-shelf sys- 
tems) which satisfies the numerical criterion for 
modeling glaciers stated above. On the other hand, 
the resolution of the altimeter data limits the 
grid resolution - 3 km grids satisfy the glacio- 
logic criterion, but 2 km grids do not yield better 
maps. In this book, contoured maps have a scale of 
1:5.000.000, which is not mandatory, as is demon- 
strated, for instance, in section (F). 
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Figure C.2.3-2. Antarctic Atlas Mapping Scheme: Coverage of the Antarctic continent by maps 
in latitude rows 63°-68°S, 67°-72.1°S (GEOSAT and ERS-1 Atlas maps). 



Table C.2.3-1. Antarctic Atlas Mapping Scheme 



Latitude 


Size [km] 


E-W 

no. gridnodes 


Size [km] 


N-S 

no. gridnodes 


63° -68° S 


666 


223 


531 


178 


67° -72.1° S 


546 


183 


543 


182 


71° -77° S 


888 


297 


570 


191 


75° -80° S 


684 


229 


477 


160 


78° -81.5° S 


582 


195 


324 


109 
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Figure C.2.3-3. Antarctic Atlas Mapping Scheme: Coverage of the Antarctic continent by maps 
in latitude rows 75°-80°S, 78°-81.5°S (ERS-1 maps). 
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(C.2.4) Map Sheet Calculation with TRANSVIEW 



Map View: Geographical to UTM Coordinate Trafo m69e61 — 77n67— 721 (16deg) 




UTM East (km) 

UTM (227.000-773.000 E/-7455.000- -7998.000 N) 

Figure C.2.4-1. Map sheet calculation with TRANSVIEW: Nominal area in geographic coordi- 
nates and actual area in UTM coordinates for latitude row 67°-72.1°S. 



Calculation of map sheets is achieved with the pro- 
gram TRANSVIEW (Herzfeld et al. 1999a). The 
objective of our program TRANSVIEW is to pro- 
vide a tool to calculate and visualize 

(a) the shape of a map that is rectangular in ge- 
ographic coordinates when transformed to UTM 
coordinates 

(b) the amount of distortion for any map sheet on 
the Earth 

(c) the largest map that is rectangular in UTM 
coordinates and inscribed in a given map that is 
rectangular in geographic coordinates 



(c) the overlap necessary to map a large area in 
individual sheets using the UTM projection, and 

(d) to provide a system that works also for Antarc- 
tica. 

TRANSVIEW works for any rectangular area on 
the Earth. The only restriction is that the area 
needs to be located entirely on the Northern or on 
the Southern hemisphere. The UTM projection is 
defined relative to an appropriate central merid- 
ian (3°W, 9°W, 15° W, etc., uneven multiples of 
3°). For map areas that do not contain a central 
meridian of the UTM projection, an appropriate 
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Map View: Geographical to U.TM Coordinate Trafo m69e61 — 77n63— 68 (16deg) 




Figure C.2.4-2. Map sheet calculation with TRANSVIEW: Nominal area in geographic coordi- 
nates and actual area in UTM coordinates for latitude row 63°-68°S. 



meridian needs to be determined by the user of the 
program. The latter is of particular importance for 
mapping small areas. The program discerns the 
location of the map relative to the central merid- 
ian and automatically selects the appropriate case 
for the transformation. TRANSVIEW is written 
in FORTRAN77, uses only FORTRAN77, and is 



directly portable to any computer with a compiler 
(main frame, work station, or personal computer) . 

For the examples of the maps for central meridian 
69° , TRANSVIEW is applied to calculate and vi- 
sualize the sheets in all rows to demonstrate the 
differences in shape and distortion (Figures C.2.4- 
1 to C. 2.4-5). 
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Figure C.2.4-4. Map sheet calculation with TRANSVIEW: Nominal area in geographic coordi- 
nates and actual area in UTM coordinates for latitude row 75°-80°S. 
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(C.3) Geostatistical Estimation 

The geostatistical method has allowed to push the 
limits of radar altimeter data evaluation. Math- 
ematical interpolation methods apply the same 
algorithm to all data locations and do not take 
regional properties into account. Geostatistical 
methods, to the contrary, proceed in two steps: (1) 
a structure analysis of the spatial continuity prop- 
erties (variability in surface structure in our case), 
termed variography , and (2) interpolation (and ex- 
trapolation) of the data using variogram proper- 
ties of neighbouring data (see Fig. C.3-1). It is the 
first step that allows to take geophysical knowl- 
edge into account when interpolating. The vari- 
ogram takes on the role of a modeling function. As 
an application, the variogram function most suit- 
able for mapping ice surface topography with an 
emphasis on studying the Antarctic marginal areas 
is the variogram of an ice-stream/ice-slrelf system 
near its grounding zone (calculated from radar al- 
timeter data). In the central areas of the inland 
ice, spatial variability is low, and selection of a 
mathematical method is less crucial (as an exam- 



ple, interpolation of ERS-1 data for Antarctica us- 
ing mathematical routines is sufficiently accurate 
for the very-low angle areas of the Antarctic inte- 
rior, Bamber 1994). Applications and comparison 
to field observations have demonstrated that the 
Atlas maps are correct for the marginal, steeper 
areas also, and they reveal many interesting fea- 
tures (e.g. Herzfeld and Matassa 1997; Herzfeld et 
al. 2000b). 

For an introduction to geostatistics for resource 
estimation, the reader is referred to Matheron 
(1963), Journel and Huijbregts (1989), for geo- 
physical and geodetical data analysis, to Herzfeld 
(1992), for applications to satellite radar altime- 
ter data analysis, to Herzfeld et al. (1993, 1994), 
Herzfeld and Matassa (1999) and Herzfeld et al. 
(2000b) . It may be worth mentioning that a book 
on the utilization of geostatistics in cartography is 
not available elsewhere. The geostatistical section 
may also serve as a quick primer for students and 
researchers in glaciology, cartography, geography 
and environmental sciences. 




Figure C.3-1. Kriging Flow Diagram. Notice that both the estimation step and entire process of generating 
a digital terrain model are termed “Kriging” . 
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(C.3.1) Concept of the Regionalized Variable and Principles of Variography 



Procedures used by miners to estimate ore re- 
sources were formalized by Krige (c/. Krige 1951, 
1966) and put into a theoretical framework by 
Matheron (c/. Matheron 1963, 1971, Journel and 
Huijbregts 1989 (1978)): Thus geostatistics, the 
theory of regionalized variables, sometimes simply 
referred to as “Kriging” by the generic name for 
the estimation methods used, is a theory rooted 
in techniques that worked in practice in an eco- 
nomic branch were success is the (only) criterion. 
The term “Kriging” is derived from the name of 
Dani Krige, who introduced what were to be- 
come geostatistical concepts to gold mining in 
South Africa. The name “geostatistics” is some- 
times confused with the application of statistics 
in the geosciences, also termed “geostatistics” in 
some of the (North American) literature. While 
most commonly a probabilistic framework is pre- 
ferred in geostatistical theory, it is equally feasible 
to use an inverse-theoretical deterministic formu- 
lation (Herzfeld 1992). In this introduction we use 
the probabilistic formulation. 

Readers who wish to read up on probability and 
statistics may find Spiegel et al. (2000) and Stirza- 
ker (1999) useful. 

The underlying concept of geostatistics is that of 
the regionalized variable. A regionalized variable 
is a spatial variable (a variable defined over 7Z 2 
or 1Z , the two- or three-dimensional space of real 
numbers) with a transitional behaviour between 
deterministic and random states. The classic ex- 
ample in ore resource estimation is the grade of 
mineralization: 

The grade of mineralization z(x) at a location x 
in a deposit D is to some extent determined by 
the properties of the deposit, but also shows a ran- 
dom variation from one location to another, which 
increases with distance. So, mineralization grade 
shows the transitional behaviour between deter- 
ministic and random status that is typical for a 
regionalized variable (z(:r)). 

Historically, geostatistics had been confined to 
mineral and petroleum exploration for a few 
decades, before its usefulness for other branches 
of geology and geophysics was recognized (e.g., 
Herzfeld 1989a). Similar methods are Gandin’s 
method of optimum interpolation, applied in me- 
teorology (Gandin 1965), least-squares predic- 



tion and collocation methods applied in physical 
geodesy (Kaula 1967, Heiskanen and Moritz 1967, 
Grafarend 1975, Lauritzen 1977, Moritz 1980) all 
of which may be considered a form of geophysical 
inverse theory (Herzfeld 1992, 1996). 

The primary variable describing topography is sur- 
face elevation. Elevation also has the characteris- 
tics of a regionalized variable: Two points that are 
located close to each other are likely to have a 
similar elevation, they have similar elevation un- 
less there is a cliff, mathematically a discontinu- 
ity, which is rare. As one moves farther away from 
a point with measured elevation, one is less likely 
able to predict the elevation that will be measured 
at another site, until a distance is reached beyond 
which prediction from the first measurement site 
is no longer possible. This distance is the range. 

Similarly, ocean depth (bathymetry), the Earth’s 
gravity field, the magnetic field, and concentra- 
tion of pollutants in the air may be described by 
regionalized variables, in fact, every property of 
the Earth that is defined or observed in space or 
on a map or in an area (i.e. with spatial support) 
may be considered a regionalized variable. 

The measurements Zi(x), where i = 1 ,...,n, on 
z( x) are thus considered as a realization of a spa- 
tial random function Z(x) for x € D with the 
property that 

(Z(x) — Z(x + h )) 

is a second order stationary random function 

(C - 3 - 1) 

for fixed h G 7 Z 2 such that x,x + h € D. Here 
we assume that D is a subset of 7 Z 2 , but D £ 7Z 3 
is also possible. The property given in (C.3-1) is 
called the intrinsic hypothesis. (Note that station- 
ary random functions are intrinsic, but the con- 
verse is not true in general.) 

We notice that, while mineralization grade, sur- 
face elevation and other geo-variables share the 
characteristics of a regionalized variable, their spa- 
tial properties are different, specific for each vari- 
able. For instance, in a mountain range, topogra- 
phy varies over short distances (hundreds of me- 
ters to kilometers), whereas the gravity field only 
changes over much larger distances (tens of kilo- 
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meters). Topography (elevation) generally has a 
smaller range than gravity (gravity anomaly). 

In addition, topography in a mountain range is 
rougher (topographic relief is higher) than topog- 
raphy on a plain. The method utilized to deter- 
mine spatial properties of a regionalized variable 
is variography. 



Under the intrinsic hypothesis, the 



(semi-) variogram 

'y(h) = ^E[Z{x)-Z{x + h)} 2 (C. 3-2) 

exists and is finite, 7 measures the spatial continu- 
ity. ( E denotes the mathematical expectation.) In 
practice, an experimental variogram is calculated 
from the data set, according to the formula 



7(/i) 



2n £ 



i= 1 



z(xi + h )] 2 



(C. 3-3), 



where z(xi),z(xi + h) are samples taken at loca- 
tions Xi, Xi + h £ D respectively, where n is the 
number of pairs separated by h £ 1Z 2 . 



Experimental variograms can have different forms, 
as should be expected from the natures of dif- 
ferent experiments. Characteristic examples are 
given in Figure C.3.1-1. A transitional variogram 
(first panel in Figure C.3.1-1) reflects the proper- 
ties of a surface with features which are spatially 
correlated at a certain scale and up to a certain 
distance and which are not correlated for large 
distances. The variogram model in the first panel 
with the nice characteristics has been produced 
from a synthetic variogram. A variogram from ob- 
servational data will look more like the experimen- 
tal variogram in the second panel in Figure C.3.1- 
1. The experimental variogram values have some 
ups and downs. Such oscillations may correspond 
to measurement errors or to geophysical properties 
of the surface. An experimental variogram with a 
clear minimum after a maximum is an indicator 
of a surface with a quasiregular structure (third 
panel in Figure C.3.1-1). 

The analysis of complex variogram structures 
is the objective of geostatistical classification 
(Herzfeld and Higginson 1996). In the context of 
ice surface elevation mapping, geostatistical inter- 
polation/ estimation is applied, and the variogram 



takes the role of a modeling function, which cap- 
tures the spatial variability of the surface and, at 
the same time, satisfies mathematical conditions 
that are required in the interpolation. 

The mathematical condition that needs to be sat- 
isfied is termed the positive-definiteness condition 
of kriging, that is, the kriging system has a unique 
solution. (Note that the associated kriging matrix 
is not generally positive definite because of the 
unbiasedness conditions.) Commonly, variogram 
models are selected from a collection of model 
types for which the positive-definiteness condition 
has been shown to hold, including the spherical 
model, the linear model (with sill and range), the 
exponential model, and the Gaussian model (see, 
for instance, Journel and Huijbregts 1989). The 
positive-definiteness problem will be revisited af- 
ter introduction of the variogram models. 

The variogram models (see Figure C.3.1-2) may be 
characterized by their function or model type and 
a small number of parameters: sill, range, nugget 
effect (the variogram parameters). The sill corre- 
sponds to the total variance of the population, 
the nugget effect is the residual variance of re- 
peated sampling in the same location, or of sam- 
ples spaced closer than the resolution of the sur- 
vey (notice that the terminology is still reminis- 
cent of gold exploration). The concept of a re- 
gionalized variable involves the notion that sam- 
ples spaced closer together are related closer than 
samples spaced farther apart, which results in a 
transitional variogram with low variogram values 
for short distances, and values increasing to the 
sill value indicative of the random nature of the 
variable for samples exceeding a certain distance, 
this distance is termed range. This leads to a more 
mathematical definition of the range (which we al- 
ready introduced above). 

For distances increasing from the support to the 
range parameter a in Equations (C.3-4 - C.3-7), 
the variogram increases and the regionalization ef- 
fect decreases; for instance, beyond the range the 
regionalized variable theoretically behaves like a 
random variable (probabilistically speaking), and 
data with a distance larger or equal to the range all 
have the same influence on the interpolated value 
(numerically speaking). 
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Typical Experimental Variograms 
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Figure C.3.1-1. Typical experimental variograms. 



Surface with quasiregular structure 



_i i i 



Surface with transitional structure 
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Synthetic surface with transitional structure 
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A linear variogram model with total sill (co + Ci) 
and range a is given by 

7 lin-siii(h) = Co + ~^\h\ if \h\ < a 

(C.3-4) 

7 lin-siii(h) = c 0 + Cl if \h\ > a 

This is the easiest way to model a surface with 
a transitional structure. The linear variogram 



model, however, has the disadvantage that it is 
not differentiable in \h\ = a, which causes prob- 
lems in the interpolation if the model is needed 
for lag values larger and smaller than a. 

A spherical variogram model is given by 



... .3|ft| h 3 I, 

lsph(h) =c 0 + c 1 (— - — ) if \h\ < a 
ls P h(h) = c 0 + ci if \h\ > a 



(C.3 - 5) 
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total sill Cq+Cj: 



nugget effect c 



total sill c 0 +Cj ; 



nugget effect c 



total sill Cq+Cj 



nugget effect c 



total sill Cq+Cj 



nugget effect c 



Variogram Models 



linear variogram model with sill 




spherical variogram model 




exponential variogram model 




Gaussian variogram model 




Figure C.3.1-2. Variogram models. Notice that all models have the same sill, range and nugget effect. A 
variogram (model) models the transitional spatial structure of the underlying regionalized variable. 
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For the linear and the spherical model, the range is 
equal to the parameter a. Both models have a lin- 
ear behaviour in the origin. The spherical model 
solves the differentiability problem of the linear 
model with sill (equation (C.3-4)). 

An exponential variogram model, which is defined 

by 



r 1 3/i 1 1 

lexpih) = Co + Ci(l - e [ ((7.3-6) 

has a practical quasi-range of a. An exponential 
model has a linear behaviour in the origin, but a 
more gradual change in spatial covariance than the 
spherical model. 

A Gaussian variogram model, which is defined by 



lgau{h) = C 0 + Ci(l - e [ ^ rl ) (<7. 3-7) 

has a practical or quasi-range of a with 7 (a) « 
cq T 0.95ci . 

This is easy to check: For a = h in equation (C.3- 
7), we get 



lgau(a) = co + Ci(l — e 3 ) ((7.3-8) 

With e -3 = 0.04947 we get 1 — e -3 = 0.95021 and 
hence 7 gau (a) = Co + 0.95021ci to 5 decimal dig- 
its precision (also not the exact value), i.e. at lag 
a = h the Gaussian model has almost reached the 
sill value of Co + c\. For larger distances, jgauih) 
approaches Cq + Ci, but never quite reaches it (the 
sill is a limit value). For the spherical variogram, 
the sill is simply reached at h = a. 

The exponential model shares this property with 
the Gaussian model: The sill Co + Ci is a limit 
value that is approximated infinitesimally close, 
but never reached. As for the Gaussian model, 
1exp( a ) ~ Co + 0.95ci (to verify this, set h = a 
in equation (C.3-6) to get 

1exp(a) = Co + Ci(l - e -3 ) ((7.3-9) 

and calculate as above for the Gaussian model). 

Since in practice experimental variogram values 
are only fitted by a model, but not interpolated ex- 
actly, a model that reaches its sill and a model that 
approximates its sill work equally well. In theory, 
the distinction between a range a = au n - s m for 



the linear model with sill (C.3-4) and a = a sp h for 
the spherical model (C.3-5) on the one hand and 
a quasi-range a = a exp for the exponential model 
(C.3-6) and a = a gau for the Gaussian model (C.3- 
7) is made. Some authors also distinguish between 
sill and quasi-sill in an analogous sense. 

Formulation of the variogram models as in the 
above equations (C.3-4) to (C.3-7) has the advan- 
tage that dun-sill, a sp h, &expi and a gau all have 
the the same value a, which makes fitting a model 
to an experimental variogram easy: From a plot 
of the experimental variogram, sill, range, and 
nugget effect can be determined visually, and then 
the function type that matches the data and/ or 
the variable properties (see note 2) best can be 
selected. 



Note 1 on variogram modeling. In some of the geo- 
statistics literature, the exponential and the Gaus- 
sian models are formulated “without the factor 3” 
as 

ltx P ( h ) = + ci{l - e °^ ] ) ((7.3-10) 

for the exponential variogram model and 

7ga«O) = c 0 + ci(l-e [ a Uu 2] ) ((7.3-11) 



for the Gaussian variogram model, likely because 
these are slightly simpler models. For these mod- 
els, the quasi-ranges are 



u-exp — 



ci 

exp 



((7.3 - 12) 



and 



ttgau — 



Q'gau 

7T 



((7.3 - 13) 



i.e. the same sills and ranges are determined nu- 
merically as in equations (C.3-6) and (C.3-7) but 
the range parameters a* xp and a* au are not equal 
to the ranges anymore, and they are different for 
each model. This has lead to serious misconcep- 
tions about the shapes of variogram models. One 
might be inclined to forget the formulations in 
(C.3-10) and (C.3-11) altogether, if it were not for 
the following caveat: If you use a computer pro- 
gram for kriging or variogram modeling, you need 
to check whether equations (C.3-6) and (C.3-7) 
“with 3” or equations (C.3-10) and (C.3-11) “with- 
out 3” are used in the program code and divide 
or multiply your range estimates accordingly by 3 
for the spherical model and \/3 for the Gaussian 
model. 




50 



Surface roughness. The roughness of a surface is 
indicated by the behaviour of the variogram in 
its origin: A rough surface is one with high topo- 
graphic relief, and measurements are likely to vary 
already over short distances. This corresponds to 
a model with a steep function in the origin (see 
Figure C.3.1-2). 

A smooth surface leads to a variogram model that 
has a low or zero gradient in the origin. In between 
these two extremes are surfaces with a variogram 
that has a linear behaviour in the origin, but of 
non-zero slope. The slope of the tangent in the 
origin of the variogram indicates the roughness of 
the regionalized variable: The steeper the slope, 
the rougher the variable (in our case, the surface) . 
The lower the slope, the smoother the surface. Of 
course, roughness depends on scale, but for our 
application we simply analyze the surface at one 
scale matching the scale and resolution of the data. 

A linear variogram is associated with a regional- 
ized variable that is continuous in the mean-square 
sense, the same is true for a variable with a spher- 
ical variogram, because the spherical variogram 
has a linear function as a tangent in the origin 
(with non-trivial slope) . An exponential variogram 
model also has a tangent with a non-zero slope in 
the origin and consequently is the variogram of a 
mean-square continuous variable. A regionalized 
variable with a Gaussian variogram is not only 
mean-square continuous but also mean-square dif- 
ferentiable. A Gaussian variogram has a tangent 
with zero slope in the origin (see Fig. C.3.1-2). Use 
of a smoother variogram in the kriging estimation 
results in a smoother map. 

Role of the linear, spherical, exponential and 
Gaussian variogram model types in kriging. As 
will be described in section (C.3.2) on “Kriging”, 
the variogram model plays an important role in 
the estimation (or interpolation or extrapolation) 
step. The spherical, exponential and Gaussian 
variogram models have the property that a krig- 
ing equation formulated with use of these models 
has a unique solution. This is termed “positive- 
definiteness condition of kriging”, and, in an even 
looser use of terminology, variogram models for 
which it can be shown that the kriging equa- 
tion has a solution (although the kriging matrix 
may not be positive definite) are called “positive- 
definite variogram models”. Proof that a given 
model is positive-definite is not simple, and it 
depends on the type of kriging. Therefore it is 



advisable to use models from the “zoo” of proven 
models rather than “wild animals” that may also 
fit the experimental variogram. The “zoo” con- 
tains a few more models than the four introduced 
above (Equations (C.3-4) to (C.3-7)), but those 
are the most common ones. The linear model 
with sill (Eqn. (C.3-4)) should be used only for 
distances smaller than the range because of the 
differentiability problem at h = a. Linear com- 
binations of models in the “zoo” lead to more 
models in the “zoo”, which increases selection of 
types of acceptable models. A pure nugget-effect 
model reduces kriging to arithmetic averaging. 

Note 2 on variogram modeling. In particular inex- 
perienced practitioners should simply fit the data. 
It is possible to utilize the variogram as a modeling 
kernel and this way allow known spatial continu- 
ity properties of the variable to enter in the inter- 
polation, but this approach requires an advanced 
understanding of mathematical optimization and 
inverse theory as well as experience in geostatis- 
tics and knowledge of the geophysical variable that 
is analyzed. The rewards of the variogram-as-a- 
modeling-tool approach are more natural-looking 
maps. 

Note 3 on variogram modeling. Another consider- 
ation is that a variogram without nugget effect or 
with a relatively small nugget effect may lead to 
very noisy maps or even to failure of the inversion 
step in kriging (see equation (C.3-22) below). It 
may happen that the kriging matrix is almost sin- 
gular and thus behaves like a singular matrix nu- 
merically. In such a case, adding a larger nugget 
effect may solve the problem, even if the variable is 
very smooth and the observations have only very 
small errors such that a variogram model with zero 
or almost zero nugget effect is a correct one. Alter- 
natively, a covariance function model rather than 
a variogram model may be utilized under certain 
mathematical conditions. 

A regionalized variable may have a (global) trend 
or a (local) drift. The concept of the drift matches 
the concept of local estimation in kriging (see eqn. 
(C.3-23) below). To detect a drift component , m, 
calculate 

1 n 

m(h) = - ^2 i z ( x i ) — z ( x i + h)] (G.3 — 14) 

n i= l 

and the residual variogram 

res(h) = 7 (h) — ^m(h) 2 (C. 3 — 15). 
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Note that if the random function Z is stationary, 
then m(h) = 0 and 7 (h) = res(h) for all h. This is 
then used as the variogram 7 * of the residuals of a 
drift, although technically it is not the variogram 
of the residuals. But since it is not possible to es- 



(C.3.2) Kriging 

Estimation of surface elevation at a given loca- 
tion Xq € D is performed by kriging. Kriging is 
a family name for least-squares-basecl estimators, 
the general linear estimator being 

n 

Zq = a 0 + Z(xi) with at £ 1Z 

(C. 3 - 16), 

where weights are determined by a minimum vari- 
ance criterion 

E[Zq - Z 0 ] 2 minimal ! (C. 3 - 17) 

and with respect to unbiasedness conditions 
E[Z* - Z 0 ] = 0. 

The estimation variance is 

var[e 0 ] = var[Z 0 - Zq] 

= var [Z 0 ] ((7.3 - 18) 

n 

-2^2 ai CO v[Z 0 ,Zi] 

i= 1 
n 

+ '^2 OLi ctj co v[Zj, Zj] 

i,j—l 

The covariances in equation (C.3-18), however, are 
not known. The salient concept in kriging is to re- 
place the unknown covariances by “known” vari- 
ogram values. The variogram values are taken from 
the model. Mathematically, this is justified by the 
intrinsic hypothesis. Using the notation 

7 o i = 7(^0 - xi) 
lij = 7 (xi ~ Xj) 

for i, j = 1, . . . , n (C. 3 — 19) 

Minimization of the estimation variance yields a 
matrix equation (or n conditions). The unbiased- 
ness conditions depend on the information avail- 
able on the expectation of Z(x): 



timate the drift and the variogram of the resid- 
uals at the same time, estimating the drift first 
and using the residual variogram is a practicable 
work-around. 



SIMPLE KRIGING: In case the expectations 
E[Z(xi)] are known for all i = 1, . . . , n, the mini- 
mization is constrained by 

n 

a 0 = E[Z(x 0 )] - ^2 ai E[Z{xi)\ (C. 3 - 20). 
2 = 1 

This - practically rare - case is called simple krig- 
ing. 



ORDINARY KRIGING: Unknown but constant 
expectation 0 7 ^ E = E[Z{x)\ for all x € D leads 
to the unbiasedness condition 

n 

Y. ai = l 

2=1 

(C.3-21) 

a 0 = 0 

A solution satisfying the n conditions from equa- 
tions (C.3-16), (C.3-17), and (C.3-18) and the un- 
biasedness condition (C.3-21) is obtained from a 
system of (n+ 1 ) linear equations (kriging system), 
using a Lagrange parameter A: 



/7n • 


• • 7122 1 \ 


(a,\ 




/ 7oi \ 


7221 • 


■ • 72222 1 




— 


7022 


V 1 . 


.. 1 0/ 


V A / 




V 1 / 



(C.3-22). 

This is the most commonly applied form of kriging, 
known as ordinary kriging, the matrix in (C.3-22) 
is the (ordinary) kriging matrix. 
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The kriging equation (C.3-22) has a unique solu- 
tion, if positive-definite variogram models are used 
to build up the kriging matrix. Such models in- 
clude the spherical, exponential and Gaussian var- 
iogram models (equations (C.3-5) to (C.3-7)) and 
the linear model with sill up to its range (eqn (C.3- 

4 ))- 



UNIVERSAL KRIGING: In case of an underlying 
trend, the process is split: 

Z(x) = m(x) + Y(x) (C.3 — 23) 

into a deterministic drift component m(x) and a 
residual random function Y ( x ) which is second- 
order stationary and has zero expectation and var- 
iogram 7 *. 

Theoretically, it is not possible to estimate the var- 
iogram of the residual function Y ( x ) and the drift 
from a single realization. In practice, however, usu- 
ally a way can be found to circumnavigate this 
problem (c/. Matheron (1971, pp. 189-195), Arm- 
strong (1984), Herzfeld (1989a, b), for alternatives 
see Chiles (1977, pp. 29-48), and Delfiner (1982)). 



(where indices x and y denote components, and 
ai and a 2 are real parameters as in (C.3-26)), the 
(universal) kriging system is 
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(C.3 — 27). 



The latter method is called universal kriging (also 
unbiased kriging of order k). 

In universal kriging, variogram models from the 
“zoo” should be employed, so the kriging system 
has a solution. With increasing order, numerical 
instabilites of the solution become more likely. 
More data points should be used in the kriging 
step to counteract this effect. In practice, univer- 
sal kriging with a linear or quadratic drift are the 
two forms that are commonly used. 

The estimation variance is given by 



The drift is supposed to be a linear combination 
of functions /;, l = 1 , ... ,k: 

k 

m(x) = ai fi (x) for k € Af 

1 = 1 

and ai GU (C.3- 24) 
for l = 1 , . . . , k 

in practical applications, the functions fi are most 
often chosen as low-degree polynomials. Equation 
(C.3-24) leads to the following k unbiasedness con- 
ditions: 

n 

y a» fi(xi ) = fi(x 0 ) for l = 1 , . . . , k 

(C. 3-25). 

Kriging weights and drift coefficients are deter- 
mined simultaneously from a system of ( k + n) 
equations, using Lagrange multipliers. For in- 
stance, for a linear drift 

(C.3 - 26) 



n k 

s 2 = ^ai7*(>;,£o) + ^ A 1 fi(x 0 ) ( C.3 - 28) 

i=l 1=1 

where A i for l = 1, . . . , k are Lagrange multipliers. 
(In the example in (C.3-26) and (C.3-27), Ai = A, 
A 2 = ai, and A 3 = 02 -) It should be noted that the 
estimation variance depends only on the data dis- 
tribution (in space) for simple and ordinary krig- 
ing, and on both the data distribution and the 
data values for universal kriging. It is not an error 
measure in the sense of numerical error analysis. 
For an error analysis applied to kriging, see section 
(C.3. 5). 

These are just the most common and most sim- 
ple linear kriging methods. In this formulation, the 
above methods make use of the Gaussian hypothe- 
sis (ie., the assumption that the data have a Gaus- 
sian distribution in the statistical sense), in the 
steps where the linearity of the expectation and 
the covariance operator are used (but see Herzfeld 
1992). Other kriging methods are introduced in 
Journel and Huijbregts (1989) and Wackernagel 
(1998). 



m(x) = a ix x + a 2 x y 
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(C.3.3) Variography for Satellite Radar Altimeter Data over Antarctic 
Ice Surfaces 



In the previous sections (C.3.1) and (C.3.2) re- 
gionalized variables, variogram analysis and krig- 
ing were introduced in general. Next, we derive 
a form of applying these tools to the analysis of 
satellite radar altimeter data over Antarctic ice 
surfaces. 

Ice surface elevation is considered a regionalized 
variable Z(x), and radar altimeter data, corrected 
as described in section (C.l) and referenced to 
UTM coordinates as described in section (C.2), 
are considered a realization of Z. That is, each 
data point (a ;*,£*) for i = 1 N the number 

of points, is given in the form 

(x u ,x 2 i ,Zi) = (xi,z(xi)) ( C.3 - 29) 

where Xi = (xi i ,X 2 i ) is the location with UTM- 
east coordinate x-\ t and UTM-north coordinate X 2 t 
and Z{ = z(xi) is the elevation at location Xi. Both 
location (center of radar footprint) and elevation 
are identified by procedures described in section 
(C.l). 

An important step in mapping is the selection 
of the variogram model that is used in the krig- 
ing step to weight distant points relative to close 
points. 

Selection of the variogram depends not only on the 
data analysis, but also on the mapping purpose. 
On the one hand, the variogram needs to repre- 
sent the spatial continuity properties inherent in 
the data, on the other hand, it needs to represent 
the surface roughness of the mapped features at 
the scale of the DTM. For an atlas, it is also im- 
portant that all maps are constructed using the 
same variogram to avoid edge effects (see the sec- 
ond atlas property). Hence, a variogram represen- 
tative of the most important features is selected. 
For the GEOSAT and the ERS-1 Atlases, two dif- 
ferent variograms are used (see section (C.3. 6) on 
the influence of the variogram versus the influence 
of data types). In the monitoring study of Lam- 
bert Glacier / Amery Ice Shelf (Herzfeld et al. 
1997; see section (E)), the same variogram is used 
for all years to facilitate comparison, but this is 
also justified since SEASAT data are similar to 
GEOSAT data since the two altimeters were sim- 
ilar, whereas the ERS-1 altimeter yields data of a 
different characteristic. 



The main features of interest in a study of Antarc- 
tic (ice) surface elevation are ice streams and 
glaciers. Consequently, a variogram that is repre- 
sentative of the surface of a large ice stream is se- 
lected for mapping. Variograms are computed for 4 
subareas (si, s2, s3, s4) of Lambert Glacier/ Amery 
Ice Shelf, the largest ice-stream/ice-shelf system in 
East Antarctica (see description of maps m69e61- 
77n67-721 Lambert Glacier and m69e61-77n71-77 
Upper Lambert Glacier, chapter (D), and detail 
map Lambert Glacier/ Amery Ice Shelf, chapter 
(F), for glaciology of Lambert Glacier/ Amery 
Ice Shelf; see Herzfeld et al. (1993) for variogram 
analysis). These areas are located on the float- 
ing tongue (Amery Ice Shelf), in the grounded 
part (Lambert Glacier), and in the grounding zone 
where the transition between grounded and float- 
ing part occurs (subarea s3) . All areas are selected 
such that they do not contain data from the mar- 
gin of the ice stream, the overdeepened marginal 
shear zone, or the mountainous adjacent areas, be- 
cause (1) the noise level of the altimeter data is 
largest over those areas with high relief, and (2) 
the surface roughness is unusually high, and hence 
the variogram values would be too high, and (3) 
data from the ice surface, away from the margin, 
best represent the main features of interest in map- 
ping Antarctic ice elevations. The variogram of 
the grounding zone is finally selected; data stem 
from a transitional zone with not too smooth to- 
pography. As will be demonstrated later (in sec- 
tion (C.3. 5) on error analysis), this selection of a 
subarea increases the mapping accuracy over ice 
surfaces. High-relief areas would have a different 
variogram, but cannot be mapped accurately with 
altimeter data anyways, as noted in section (C.l). 
Areas in the interior of the Antarctic ice sheet are 
generally smoother than outlet glaciers, but map- 
ping those areas is a well-posed problem and the 
errors are low anyways. Also, the low-relief inte- 
rior of Antarctica is well-mapped with most in- 
terpolation methods. The analytical power of the 
geostatistical method really makes a difference in 
extending the limits of altimetry-based mapping 
along the margins of Antarctica — this is where 

(1) other methods do not yield useful maps, and 

(2) flux from the interior to the ocean occurs along 
ice streams — , and thus selecting the variogram of 
an outlet ice stream is justified. 
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Methodologically, we (1) utilize the variogram of 
a representative subarea, rather than a global 
variogram which would be computationally pro- 
hibitive and glaciologically meaningless, and (2) 
employ the variogram as a modeling tool in achiev- 
ing the appropriate continuity of the mapped sur- 
face such that it represents the studied geophys- 
ical object adequately. Simply, on the resulting 
maps a glacier looks like a glacier. This approach 
to variogram modeling has both a data-analysis 
and a geophysical-knowledge component and can- 



not be automated. To the contrary, an automated 
variogram fitting method would match a function 
solely to the data. 

Next, we look at the derivation of the variogram 
model: 

The variogram of GEOSAT data from subarea 
s3 (480.000-520.000 E/-7880.000- -7930.000 N) is 
shown in Figure C.3.3-1 (GEOSAT data here are 
GEOSAT ERM data from 9 Nov. 1986 - 9 Jan. 
1989). 



global variogram of subarea S3 




DISTANCE (km) 



Figure C.3.3-1. Variogram model for GEOSAT Atlas. Experimental variogram calculated for data in 
the grounding zone of Lambert Glacier/ Amery Iceshelf. 



Variograms and residual variograms are similar for 
most lags and can be fitted with the same model. 
The experimental variogram shows effects that can 
be attributed to the groundtrack pattern of the 
ERM data (i.e. jumps or wave-like patterns with 
approximately constant wavelength, superimposed 
on increasing variogram values). GEOSAT GM 
data have closer spaced tracks, so this effect should 
not be as strong and the noise level lower. These 
patterns are disregarded in the model fitting. The 
linear model best describing the spatial structure 
in subarea s3 is: 



7 (ft) = 340 + 0.0125/1 [m 2 ] (<7.3 - 30) 

The Gaussian model best describing the experi- 
mental variogram (with neglect of the track ef- 
fects) has a nugget effect co = 250m 2 , a total sill 
ci + co = 593m 2 , hence a value ci = 343m 2 , and 
a quasi-range a = 18000m. 

A Gaussian model is smoother near the origin (it is 
the model of a mean-square differentiable process), 
which matches the fact that an ice stream near 
the gounding zone is smooth at 3 km resolution. 
Hence the Gaussian model is an appropriate model 
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for mapping ice-stream/ice-shelf systems. The var- 
iogram model has a relatively high nugget effect, 
because altimeter data at this resolution have a 
low signal-to-noise ratio. 



A new variogram analysis is carried out for ERS-1 
GM data used in the Atlas mapping. The resultant 
model is shown in Figure C.3.3-2. 



ERS— 1 Atlas Variogram Model 




Distance (km) 



Figure C.3.3-2. Variogram model for ERS-1 Atlas. Gaussian model with nugget effect Co=43m 2 , quasisill 
ci = 18m 2 and quasirange a=16fcm. 



ATLAS VARIOGRAMS 

In summary, the variogram models used in cal- 
culation of the ANTARCTIC ATLAS DTMs are 
Gaussian models with the following parameters: 

Table C.3.3-1. Atlas Variogram Parameters. 

Co Ci a 

GEOSAT Atlas: 250?n 2 343m 2 18000, n. 

ERS-1 Atlas: 43m 2 18m 2 16000m. 



Using equation (C.3-7) of the Gaussian variogram 
model, we get: 

GEOSAT ATLAS VARIOGRAM MODEL: 

3 /A 

7 (/i) = 250 + 343(1 -e®p[- I g^]) (C.3-31) 
and 

ERS-1 ATLAS VARIOGRAM MODEL: 



On data noise levels and variogram-model para- 
meters. 

Using statistical analysis, the noise level inferred 
from a zero-lag intercept of 250 m 2 is 22.36 m 
(250 x 2 = 500; V500 = 22.36); for an intercept of 
43 m 2 it is 9.27 m (43 x 2 = 86; = 9.27). 

However, this noise level is not relevant in geosta- 
tistical estimation, because the variogram acts as 
a weighting function in the inversion, which gives 
relative weights to values depending solely on their 
mutual distance and the distance to the grid node. 
This follows directly from the kriging algorithm 
and the unbiasedness condition ^ a* = 1 (equa- 
tion (C.3-21)). The noisiness of the data is not 
captured in the absolute size of the nugget effect, 
but in the relative size of the nugget effect com- 
pared to the sill: The question is: “What is the 
error (or subscale variability) of the data relative 
to the observed maximum structural variability of 
the data?” Consequently, the noisiness of thedata 
is captured by the ratio no of the nugget effect cq 



7 (h) = 43 + 18(1 — exp[ 



16000 



]) (C.3 - 32) 
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to the total sill Co + c\ in the following equation 
(■ nugget-effect ratio): 

n 0 = C ° ((7.3 - 33) 

c 0 + Ci 

The nugget-effect ratio n 0 is 0.422 for GEOSAT 
data and 0.705 for ERS-1 data; so, ERS-1 data 
are noisier. The effect of using a variogram with 
a higher nugget-effect ratio is that contour lines 
are smoother. This is correct, because noisiness in 
the data does not warrant picking up too many 
details elsewhere. If the data have low errors, then 
it is warranted to follow the ups and downs in 
the data fairly closely with an interpolator (Aside: 
Kriging is an exact interpolator, but points are 
rarely on grid nodes, so the fact that kriging is an 
exact interpolator does not matter in the above 
context). 



A study of the effect of the variogram versus data 
properties in the final appearance of maps is un- 
dertaken in section (C.3.6) for the GEOSAT and 
ERS-1 maps m3ellwn67-721 Fimbul Ice Shelf. A 
comparison of a pair of maps ERS-1 - GEOSAT in 
sections (D.l) and (D.2) demonstrates that noisi- 
ness depends on the data sets, but also on specific 
feautures and on geographic areas. 

To improve the representation of ice surface struc- 
tures in terrain models of individual glaciers, re- 
gional variations of the variogram may be taken 
into account. To this extent, classes of ice with 
homogeneous surface properties such as floating 
ice tongues, grounded glacier ice, steep margins, 
mountainous terrain, and almost flat inland ice are 
characterized by specific variogram functions (see 
Stosius and Herzfeld 2004), which may then be 
used in the interpolation (but that has not been 
realized yet). 



(C.3.4) Application: Search Algorithm and Kriging Parameters for 
Antarctic Atlas DTMs. Mapping Parameters. 

Ordinary kriging (universal kriging of order 0) by a polynomial component in the higher order 
(equation (C.3-22)) is better suited for interpola- universal kriging methods is likely to create arte- 
tion of radar altimeter data than universal kriging facts in the gaps, 
of a higher order, because the drift parts modelled 



(C.3.4.1) Search Routine for Geophysical Line Survey Data and Software 



Most numerical search routines in interpolation 
software are written for irregularly spaced data. 
Irregular, however, often implies that the data 
are not located on a regular grid, but still dis- 
tributed throughout the survey area in a some- 
what even pattern without too much clustering. 
Satellite altimeter data, in contrast, are geophys- 
ical line survey data (data resultant from surveys 
that follow track lines). The data distribution in 
any situation is characterized by dense informa- 
tion along the survey tracks and gaps of informa- 
tion in between. The data may be recorded contin- 
uously (radio-echo soundings, magnetic readings) 
or discretely along a line (single-beam bathymet- 
ric surveys, satellite radar altimeter data, gravity 
anomaly data from ship-towed devices), or on a 
stripe of varying width (swath data, e.g. multi- 
beam deep sea sonar devices). The necessity of 



appropriate software to evaluate line survey data 
was outlined as early as 1974 (Briggs 1974). The 
specific distribution of survey line data does not 
allow immediate interpolation by isolines. 

A specific search routine that is utilized prior to 
the kriging operation was designed and imple- 
mented in a universal kriging program (Herzfeld 
1990). First, the routine checks for the data den- 
sity in a close neighbourhood of the grid node and 
uses a criterion to decide whether the grid node is 
close to a survey track ( “on” a survey track or in- 
side a swath) . If that is the case, the interpolation 
is based on a small number of points (sufficiently 
many points to solve the kriging equations, which 
depends on the selection of ordinary kriging or uni- 
versal kriging of order k, k to match first- and 
second-order polynomials in several dimensions). 
If the criterion is not met (i.e., if the grid node is 
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located in a data gap), then a larger number of 
points is searched for and used in the kriging step. 
All mentioned parameters are user-selected to fa- 
cilitate adaptation to the survey instrumentation 
and its resulting data distribution on the surface 
(see track maps), and in addition can be combined 
with a number of search types. 

The program builds on a basic kriging program de- 
veloped at the Free University of Berlin, Institute 
of Geology/Mathematical Geology, by R. Schoele 
for resource assessment and updated by H. Burger 
in the 1980’s. Geophysical applications required 
many changes and adaptations by U.C. Herzfeld. 
A modified version of that program is applied in 
the Atlas mapping project. The neighbourhood 

(C.3.4.2) Grid Spacing 

Grid spacing is 3 kilometers. Determination of the 
grid spacing follows geophysical requirements: The 
DTMs are required to have a resolution that is 
high enough to permit use of glaciological mod- 
els that take longitudinal stress gradients into ac- 
count, which are the more sophisticated glaciolog- 
ical models, but also low enough to avoid unneces- 



search can be adjusted to the data distribution, 
in particular to clustered data or line survey data 
to avoid resemblance of the survey pattern in the 
output map. The actual track directions of the line 
surveys need not be known before program oper- 
ation. 

In the Antarctic Atlas mapping, the four near- 
est neighbours in each quadrant were used in the 
interpolation of any given grid node. The coeffi- 
cients in the equation are determined using the 
variograms in Equations (C.3-31) and (C.3-32) in 
section (C.3.3) for GEOSAT GM and ERS-1 data, 
respectively. This is carried out for every grid node 
in the map area. 



sary complexity in modeling (as explained in sec- 
tion C.2.3). The resolution is of course limited by 
the resolution of the observation technique. 

Computation has been carried out on a multipro- 
cessor SUN HYPERSPARC or on a multiprocessor 
SUN SPARC 20 computer. 



(C.3.4.3) Mapping Parameters: Contouring and Coloring Scheme 



For geophysical modeling, the digital terrain mod- 
els are utilized. For viewing an area of Antarc- 
tica, for geographic investigations, for study of 
the morphology, and for any kind of a synoptic 
study, contoured maps of an area are superior to 
DTMs. Derivation of contour maps from DTMs 
requires application of a contouring program. Col- 
ors or grey shades may be added to facilitate visual 
interpretation. 

The Atlas maps were contoured using the com- 
puter programs CONTOUR and COLOR by 
Robert L. Parker (Institute of Geophysics and 
Planetary Physics, University of California San 
Diego) . The color and contouring scheme was cre- 
ated such that it resolves the topography of the ice 
margin and the inland ice sheet at all elevations, 
and that the same scheme can be applied through- 
out the Antarctic Atlas. Isohypses are denser in 
the lower elevations to resolve the topographic 
relief of outlet glaciers and ice streams, and less 
dense over the elevations most typical of the in- 



land ice. Isohypses are drawn for 40, 50, 60,. . . , 
140 m (in steps of 10 m) and for 200, 400, 600,. . . , 
5600 m (in steps of 200 m). Color up to 70 m is 
white (this is mostly the area of off-coastal ice 
shelves), from 70 m to 200 m increasing in dark- 
ness of grey shade, at 200 m a new 10-step grey 
cycle is started, increasing in darkness to 2200 m, 
this 10-step cycle starts over at 2200 m and at 
4200 m. 

Elevations are above WGS84 ellipsoid, but sea sur- 
face (relative to which ice shelves float) is repre- 
sented by the geoicl. However, the geoid is only 
poorly supported in many areas of the Antarctic 
(see section (C.4)). Depending on the actual dif- 
ference between the geoid and the ellipsoid, which 
varies locally, contour lines other than the ones 
used here may be optimal to outline ice tongues 
or ice shelves. This is discussed in chapter (D) for 
maps where this effect is most obvious, and con- 
touring is changed accordingly where necessary for 
detail maps in section (F). 
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(C.3.5) Error Analysis 



The inversion in the geostatistical estimation step 
yields the estimation variance with little extra 
computational effort, according to Equation (C.3- 
28). However, this variance depends on the data 
distribution only, not on the data values; so, a 
variance map simply reflects the survey pattern, 
which is known beforehand. 

A numerical error analysis may be approached by 
propagating noise levels through the kriging equa- 
tions as follows (Herzfeld et al. 1993), using meth- 
ods applicable to random error propagation. 



Theorem: Propagation of standard error through a 
function. If U is a quantity derived as a function 
U(x \, ..., x n ) of measured quantities x\,...,x n for 
a natural number n, then the standard deviation 
(j u can be expressed in terms of the standard de- 
viations (Ji of Xi for i = 1, ..., n as follows: 




(C.3 - 34) 



The theorem is quoted after Moffit and Bouchard 
(1975, eqn. 4-16, p. 168). 

It should be noted that an analytical approach 
to error approximation, based on absolute errors, 
would yield a different result. The form of the er- 
ror equation is the same (based on derivatives) in 
the analytical case. 

The theorem is applied to the kriging equation 
(eqn. C.3-16), noting unbiasedness conditions 
(C.3-21) for ordinary kriging. As a first step in 
creating error maps, noise levels need to be calcu- 
lated. 

(Step 1) Calculation of noise levels 

Experimental variograms are calculated, depend- 
ing on position, on a grid (10 km grid) . The nugget 
effect is then determined by fitting a 4th-orcler 
polynomial to the exponential variogram and ex- 
trapolating that polynomial to lag h = 0 (see also 
Lingle et al. 1990). 

(Step 2) Calculation of error map 

From the gridded noise levels, an estimate of the 
kriging standard deviation is derived by propagat- 



ing the noise levels through the kriging calcula- 
tions, using methods applicable to random error 
propagation, that is, simply by application of the 
Theorem (with equation (C.3-34)). 

Application of the error propagation method 
(Theorem, equation (C.3-34)) to the kriging es- 
timator equation (C.3-16) (with ao = 0) 

n 

Zq = ai Z(xi) with oil ( (7.3 — 35), 
i= 1 



gives 

n 

So 2 = (To 2 Y, (C.3 - 36) 

i=l 

where So is the error estimate associated with el- 
evation z(xo) in location xo, Zq denotes the krig- 
ing estimator, a 0 the average noise level in the 
neighbourhood of xo (as determined in step 1), 
and a,;,z = 1 are the kriging weights (from 
ordinary kriging), because 



ozi 

dZ t 



— 



(C.3 - 37) 



and the standard error of measurement in each 
point is the same, denoted as (Tq. 



If the weights ctj are not saved with the kriging 
output, then so = using = 1 and 

assuming all weights are equal (since n = 16 here) 
is a simple estimate. Usually, this is too much of 
a simplification, though. 



A map of the noise levels calculated for GEO SAT 
ERM data and using residual variograms in 
step (1) shows that noise levels depend on to- 
pographic relief. They are low over the central 
Amery Ice Shelf and Lambert Glacier (10-50 m) 
and higher over the adjacent mountains (150 m) 
(from Herzfeld et al. 1993). This is as expected, 
as altimeter data collection over terrain with high 
topographic relief is problematic (the first return 
of the satellite signal is difficult to identify, so re- 
tracking may not always be possible or correct). 
Also, the altimeter has a large footprint which 
smoothes out relief signatures. An error map of 
1987-1989 GEOSAT ERM data is given in Figure 
C. 3.5-1. 
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Lambert/Amery GEOSAT 1987-89 errors 
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Figure C.3.5-1. Error map calculated for 1987-1989 GEOSAT ERM map of Lambert 
Glacier/Amery Ice Shelf system in Figure E.3-9. Elevation contours are in meters, spacing of con- 
tours 3 meters. In the center of the ice-stream/ice shelf system, the error is lowest. 

The distribution of the errors mirrors topography, errors in the ice-surface elevations are related to 
On the flat Amery Ice Shelf, the error is mostly those in neighbouring elevations. The position of 
below 3 m (probably lower, but 3 m is the lowest the grounding zone (in elevation), for instance, or 
contour used). In the grounding zone, it increases the elevation of any region on the map, has an er- 
to 3-6 m, with higher values upglacier over the ror that is much lower than the approximate stan- 
rouglrer topography of the grounded ice stream. dard error derived from equation (C.3.-32) and 

given in the error map. 

An important point concerning errors in kriged 

maps is the following: The error equation gives The Atlas maps are constructed from GEOSAT 
an approximation of the pointwise error in a grid GM data, which are much denser than GEOSAT 
node. Because of the moving-window averaging ERM data, and the errors are expected to be 
technique (kriging with local neighbourhoods), the lower. 
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(C.3.6) Influence of the Radar Altimeter Sensor Compared to Influence 
of the Variogram in Kriging for GEOSAT and ERS-1 Data 



Fimbul Ice Shelf - GEOSAT GM DATA, 1985-86 




el 1 W-5n67 — 721 , WGS84, Gaussian variog., central mer. 3W, slope 
corrected, scale 1 :5000000, 970723 
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Figure C.3.6-1. GEOSAT Atlas Map m3WellW-5n67-721 Fimbul Ice Shelf. GEOSAT data inter- 
polated using GEOSAT Atlas variogram model (Eqn. (C.3-31)). 



The influence of a variogram of the same type 
(here: the Gaussian type), but a different nugget 
effect ratio, is investigated for the example of the 
maps m3wellw-5n67-721 Fimbul Ice Shelf. For 
the Atlas, the following study also serves to com- 
pare the influence of data of different qualities — 
GEOSAT GM versus ERS-1 GM data — and the 
influence of different variogram models. 



On the one hand, monitoring of ice advance or re- 
treat from evaluation of radar altimeter data at 
two points in time and from different satellites re- 
quires knowledge of the general offset, in this case 
of GEOSAT and ERS-1. An upper bound for this 
offset is calculated in section (C.1.1) as 0.72 m or 
0.22 m, depending on orbit accuracy values used. 
On the other hand, accuracy of the mapping using 
a given altimeter instrument may be assessed from 
contoured maps as demonstrated in the following 
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corrected, scale 1:5000000, 970729 
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Figure C.3.6-2. ERS-1 Atlas Map m3WellW-5n67-721 Fimbul Ice Shelf. ERS-1 data interpolated 
using ERS-1 Atlas variogram model (Eqn. (C.3-32)). 



example. GEOSAT (1985-86) and ERS-1 (1995) 
Atlas maps m3wellw-5n67-721 “Fimbul Ice Shelf’ 
are given in Figure C.3.6-1 and C.3.6-2, respec- 
tively. The large feature is the ice “tongue” of Ju- 
tulstraumen extending straight north into Fimbul 
Ice Shelf. Jutulstraumen Glacier follows a large 
geologic trough believed to be of structural origin 
(Decleir and van Autenboer 1982, after Swithin- 
bank 1988). 

Contours of the GEOSAT map are much smoother 
than those of the ERS-1 map, possibly due to 
more data and higher noise in ERS-1 data than 
in GEOSAT data. GEOSAT data are prone to 
noise offshore, caused by signals reflecting off is- 
lands and erroneously recorded or corrected. This 



problem has been largely eliminated from ERS-1 
data. Since the GEOSAT Atlas and the ERS-1 At- 
las have been calculated with different variograms 
(cf. section (C.3.3)), the ice shelves are not imme- 
diately comparable from the Atlas maps. 

The variogram used for the ERS-1 Atlas has a 
larger smoothing effect than that used for the 
GEOSAT Atlas, as quantified by the nugget-effect 
ratio (eqn. C.3-33). To study the effects of these 
two variograms on the cartographic output and 
to eliminate it from a comparison of different 
years, the GEOSAT data have been rekriged using 
the ERS-1 variogram, and vice versa (cf. Figures 
C.3.6-3 and C.3.6-4). Apparently, the effect of the 
different variograms is fairly small, the GEOSAT 
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el 1 W-5n67-721 , WGS84, Gaussian (ERS-1) variog., central mer. 
3W, slope corrected, scale 1:5000000, 990412 
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Figure C.3.6-3. GEOSAT data interpolated using ERS-1 Atlas variogram model (Eqn. (C.3-32)). 



map still is smoother than the ERS-1 map, and 
only very few features have changed after the var- 
iogram was altered. Prior to a direct comparison 
of ice elevation, however, the general offset be- 
tween GEOSAT and ERS-1 needs to be known. On 
all maps, the ice-shelf edge is determined by two 
near-parallel contour lines (10 m difference) close 
to each other. The “coast” line inland ice/Fimbul 
Ice Shelf has many indentations, which is probably 



due to sampling, because this error is also found 
on other ERS-1 maps. 

Next to Jutulstraumen, the smaller Sclrytt Glacier 
may be identified at (490,000;-7,950,000- - 
7,880,000) (cf. Swithinbank 1988, p. B95). The 
geographic features pictured on these maps are 
described in detail in the Atlas map section (D) 
for the map m3wellw-5n67-721 Fimbul Ice Shelf. 
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Fimbul Ice Shelf - ERS 1 DATA, 1995 




el 1 W-5n67-721 , WGS84, Gaussian (GEOSAT) variog., central mer. 
3W, slope corrected, scale 1:5000000, 990412 
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Figure C.3.6-4. ERS-1 data interpolated using GEOSAT Atlas variogram model (Eqn. (C.3-31)). 
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(C.4) The Role of the Geodetic Reference Surface 



(C.4.1) Ellipsoid and Geoid Concepts 



In a first approximation, the Earth is ball-shaped. 
In a next step one considers the fact that the Earth 
is compressed at the poles relative to the equator 
due to the centrifugal force resulting from its rota- 
tion. This shape is an ellipsoid. WGS84 is an ex- 
ample of an ellipsoid, its exact coefficients were de- 
termined in 1984. The geoid is a further refinement 
of the shape following the gravitational potential 
on the entire surface of the globe (i.e. extrapo- 
lating the ocean surface over the continents). The 
anomalous gravitational potential field is approxi- 
mated by spherical harmonics. The resolution of 
the gravity field model depends on the degree 
of the spherical harmonical functions, which in 
turn depend on the density of available data. The 
OSU91A model, computed at Ohio State Univer- 
sity (Rapp 1992) is complete to spherical harmon- 
ics of degree 360 (Rapp and Pavlis 1990), which 
corresponds to a resolution of 50 km. Accuracy 
varies with data density and quality. The geoid 
model GEM-T3 from the NASA Goddard Space 
Flight Center is complete to degree 50, corre- 
sponding to a spatial resolution of approximately 
400 km. OSU91A is based on satellite and ground 
observations. The 50-km resolution of OSU91A 
is a maximum resolution, it is achieved in areas 
where 30’ x 30’ mean gravity anomalies were in- 
corporated in the model development. These ar- 
eas are primarily ocean areas, because satellite 
radar altimeter data are available there and give 
geoid height directly (whereas on land, altimeter 
data are also available, but (a) harder to evalu- 
ate, and (b) provide only the terrain correction 



needed for the geoid determination, but not den- 
sity). Land areas, for which 30’ x 30’ anomalies are 
available, are North America, Europe, Australia, 
Japan, parts of Africa, South America and India. 
Areas lacking good gravity data include eastern 
Europe, Asia and the Arctic and Antarctica. The 
disadvantage of models with a high degree is that 
errors in areas that are poorly constrained by data 
are extra large (polynomial functions). 

We use two recently published geoids, ’’Goddard 
Earth Model” GEM-T3 (Lerclr et al. 1982) and 
’’Ohio State University Model” OSU91A (Rapp 
1992, 1994), kindly made available to us by NASA 
GSFC and by R. H. Rapp (pers. comm., Feb. 
1995). 

Comparison of the two geoid models in the area 
of Lambert Glacier/ Amery Ice Shelf shows signifi- 
cant differences (see Figures C.4. 1-1 and C.4. 1-2): 
The GEM-T3 surface gradually slopes in a north- 
easterly direction, the OSU91A surface has a more 
complex topography with a hill. According to R. 
H. Rapp (pers. comm., Feb. 1995), both models 
are based on the same set of data of only fair reli- 
ability (mean anomalies in 1° by 1° cells), there- 
fore differences between the two models should be 
attributed to philosophical differences in the inter- 
polation method rather than warrant a geophysi- 
cal interpretation. For the OSU91A model, global 
average in estimation of the total undulation error 
is 0.57 m, but 2 m for land area with no surface 
gravity data (Rapp 1992). 





(C.4.2) Mapping of Ice Surfaces with Reference to Geoid Models 



LAMBERT GLACIER AND AMERY ICE SHELF - GEOSAT DATA 
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Figure C.4.2-1. Surface elevation of Lambert Glacier/Amery Ice Shelf area above WGS84 ellip- 
soid. Scale 1:3.000.000. 1987-1989 GEOSAT ERM altimeter data from time frames corresponding in season 
to SEAS AT data (see chapter (E)). 
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In the Atlas map section, elevations are referenced son with published studies and field work may 
to the WGS84 ellipsoid. When studying changes, be facilitated by maps referenced to a geoid, al- 
the reference surface is unimportant. Compari- though for the Lambert Glacier area elevations 
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geocorr.allm.dtm, 940519 

Figure C.4.2-2. Surface elevation of Lambert Glacier/Amery Ice Shelf area above GEM-T3 geoid. 
Scale 1:3.000.000. 1987-1989 GEOSAT ERM altimeter data from time frames corresponding in season to 
SEAS AT data (see chapter (E)). 



are rarely given in the literature. Referencing to 
a geoid, however, involves geodetic problems of 
geoid determination, which is difficult in areas of 
poor availability of gravity data. Mathematical 
methods for geoid determination are described in 
Moritz (1984), Tscherning (1984), and Engels and 
others (1993). 



To demonstrate the result of referencing to dif- 
ferent geodetic surfaces, we reference the sur- 
face elevation in the Lambert Glacier/Amery Ice 
Shelf area first to the WGS84 ellipsoid (Fig- 
ure C.4.2-1), next to the GEM-T3 geoid (Figure 
C.4.2-2) as contoured in Figure C.4.1-1, and last 
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LAMBERT GLACIER AND AMERY ICE SHELE - GEOSAT DATA, 1987-1989 
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Figure C.4.2-3. Surface elevation of Lambert Glacier/ Amery Ice Shelf area above OSU91a geoid. 
Scale 1:3.000.000. 1987-1989 GEOSAT ERM altimeter data from time frames corresponding in season to 
SEAS AT data (see chapter (E)). 



to the OSU91A geoid (Figure C.4.2-3) as con- 
toured in Figure C.4.1-2. Differences in ice-surface 
morphology are particularly apparent in the ice- 
stream/ice-shelf system which itself has a low gra- 
dient. Whereas the simple surface shape fo the 
GEM-T3 geoid has a small effect on the appear- 
ance of the ice-surface morphology, the more com- 



plex surface shape of the OSU91A geoid results 
in a significantly different ice-surface morphology 
(see for instance the areas corresponding to the 
area of the “fingers” in the 100 m contour in 
the original map (between -7800.000 N and - - 
7900.000 N)). The elevation relative to any one of 
the two geoid surfaces is of course lower than the 
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elevation relative to the WGS84 ellipsoid. This re- 
lationship does not generally hold for all of Antarc- 
tica, in some areas the geoid surface is lower than 
the ellipsoid surface. 

Not only can grid models be used for mapping with 
reference to the geoid rather than the ellipsoid our 
ellipsoid-referenced topographic maps can also be 
used for terrain correction in the inverse gravimet- 
ric problem, and thus may facilitate improvements 
of the geoid in this poorly constrained region. For 
purposes of field study and comparison to the lit- 



erature both geoid-referenced maps are sufficiently 
accurate, as well as the WGS84-referenced maps 
when a constant of about 20 m is subtracted from 
the elevation values (the approximate difference 
between ellipsoid and geoid in the map area). 

Apparently, integration of accurate terrain data in 
geodetic models will yield a much better improve- 
ment of the geoid model for Antarctica than appli- 
cation of more sophisticated mathematical models 
combined with poor data. 




Part II 



The Atlas 




(D) Atlas Maps 



(D.O) Map Organization and Description Principles 



In section D, maps are ordered in rows from north 
to south, and within each row, from east to west, 
starting with the map that is east of the Weddell 
Sea. In Table D.0-1 maps are listed in the order in 
that they appear in this atlas. A schematic repre- 
sentation of the relative location of all Atlas maps 
is given in Figure D.0-1. The proper geographic 
location of the Atlas maps and their overlaps with 
neighbouring maps can be inferred from the index 
maps in Figures C.2.3-1 to C.2.3-3. Hence Figure 
D.0-1 is best used for finding a map given by name 
in the scheme, and for identifying the names of 
neighbouring sheets. If the objective is to deter- 
mine on which maps a given geographic location is 
covered, then Figures C.2.3-1 to C.2.3-3 are most 
useful. 



Major geographic features set in italics in the text 
where they are described in some detail. Places 
labeled in the maps are indexed (section (1.2)). 
Areas that occur on more than one map are cross- 
referenced to the maps on which they are also por- 
trayed, in particular if a more detailed description 
is given there. 

Glaciologic terms are italicized where a definition 
follows. A glossary of glaciologic terms is given in 
section 1.1. The description focusses on the glacio- 
logy of Antarctica. Geologic features are only de- 
scribed briefly; for more detailed information on 
the geology of Antarctica, the reader is referred to 
Tingey (1991). 
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Table D.0-1. List of Antarctic Atlas Maps 



Latitude row 63°-68°S (GEOSAT and ERS-1) 



Casey Bay 
Napier Mountains 
Mawson Coast East 
Leopold and Astrid Coast 
Queen Mary Coast 
Knox Coast 



m45e37-53n63-68 
m57e49-65n63-68 
m69e61-77n63-68 
m81e73-89n63-68 
m93e85-101n63-68 
ml05e97-l 13n63-68 
mll7el09-125n63-68 Sabrina Coast 
ml29el21-137n63-68 Clarie Coast 
ml41el33-149n63-68 Adelie Coast 
ml53el45-161n63-68 Ninnis Glacier Tongue 
m297e289-305n63-68 Antarctic Peninsula (Graham Land) 



Latitude row 67° - 


72.1° S (GEOSAT and ERS-1) 


ml5we23W-7Wn67-721 Ekstrom Ice Shelf 


m3wellw-5n67-721 


Fimbul Ice Shelf 


m9el-17n67-721 


Princess Astrid Coast 


m21el3-29n67-721 


Erskine Iceport 


m33e25-41n67-721 


Riiser-Larsen Peninsula 


m45e37-53n67-721 


Prince Olav Coast 


m57e49-65n67-721 


Kemp Coast 


m69e61-77n67-721 


Lambert Glacier 


m81e73-89n67-721 


Ingrid Christensen Coast 


m93e85-101n67-721 


Wilkes Land (e85-101n67-721) 


ml05e97-113n67-721 


Wilkes Land (e97-113n67-721) 


mll7el09-125n67-721 


Wilkes Land (el09-125n67-721) 


ml29el21-137n67-721 


Wilkes Land (el21-137n67-721) 


ml41el33-149n67-721 


Wilkes Land (el33-149n67-721) 


ml53el45-161n67-721 


Cook Ice Shelf 


ml65el57-173n67-721 


Pennell Coast 


m292e284-300n67-721 


Antarctic Peninsula (Palmer Land) 



Latitude row 71°-77°S (ERS-1) 

m333e315-351n71-77 Riiser-Larsen Ice Shelf 
m357e339-15n71-77 New Schwabenland 
m21e3-39n71-77 Spr Rondane Mountains 

m45e27-63n71-77 Belgica Mountains 
m69e51-87n71-77 Upper Lambert Glacier 

m93e75-llln71-77 American Highland 
mll7e99-135n71-77 Dome Charlie 
ml41el23-159n71-77 Southern Wilkes Land (el23-159) 
ml65el47-183n71-77 Victoria Land 
m213el95-231n71-77 Ruppert Coast 
m237e219-255n71-77 Bakutis Coast 
m261e243-279n71-77 Walgreen Coast 
m285e267-303n71-77 Ellsworth Land 
m309e291-327n71-77 Black Coast 
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Latitude row 75°~78°S (ERS-1) 

m333e315-351n75-80 Coats Land 

m357e339-15n75-80 Western Queen Maud Land (North) 
m21e3-39n75-80 Central Queen Maud Land (North) 
m45e27-63n75-80 Valkyrie Dome 
m69e51-87n75-80 South of Lambert Glacier 
m93e75-llln75-80 East Antarctica (Sovetskaya) 
mll7e99-135n75-80 East Antarctica (Vostok) 
ml41el23-159n75-80 East Antarctica (Mt. Longhurst) 
ml65el47-183n75-80 Scott Coast 
ml89el71-207n75-80 Roosevelt Island 
m213el95-231n75-80 Saunders Coast 
m237e219-255n75-80 Northern Marie Byrd Land 
m261e243-279n75-80 Northern Hollick-Kenyon Plateau 
m285e267-303n75-80 Zumberge Coast 
m309e291-327n75-80 Ronne Ice Shelf 



Latitude row 78°— 81. 5° S (ERS-1) 

m333e315-351n78-815 Filchner Ice Shelf 
m357e339-15n78-815 Western Queen Maud Land (South) 
m21e3-39n78-815 Central Queen Maud Land (South) 
m45e27-63n78-815 Eastern Queen Maud Land (South) 
m69e51-87n78-815 Dome Argus 
m93e75-llln78-815 East Antarctica (e75-llln78-815) 
mll7e99-135n78-815 East Antarctica (e99-135n78-815) 
ml41el23-159n78-815 Byrd Glacier 
ml65el47-183n78-815 Hillary Coast 
ml89el71-207n78-815 Ross Ice Shelf 
m213el95-231n78-815 Shirase Coast 
m237e219-255n78-815 Southern Marie Byrd Land 
m261e243-279n78-815 Southern Hollick-Kenyon Plateau 
m285e267-303n78-815 Ellsworth Mountains 
m309e291-327n78-815 Berkner Island 
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Figure D.0-1 (Facing page). Schematic representation of Antarctic Atlas map locations. 
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(D.l) Latitude Row 63-68° S: Maps from GEOSAT and ERS-1 Radar 
Altimeter Data 



Casey Bay - GEOSAT GM DATA, 1 985 — 86 




e37 — 53n63 — 68, WGS84, Gaussian variog., central mer. 45, slope corrected, scale 
1:5000000, 970723 



Map m45e37-53n63-68 Casey Bay 

Map m45e37-53n63-68 Casey Bay shows part of 
the coast of Enderby Land (see also maps m45e37- 
53n67-721 Prince Olav Coast, m57e49-65n67-721 
Kemp Coast, and m57e49-65n63-68 Napier Moun- 
tains). As a consequence of the atlas mapping 
scheme, not much of the hinterland of this stretch 
of coast is seen on this map. 

The contour lines up to the 200 m contour are 
crowded on this map, and the 400 m contour line 
is very close to the coast, so the terrain is steep 



in this area. The coast is an ice wall coast with 
coastal nunataks and offshore islands. Both the 
steepness of the coast and the existence of offshore 
islands complicate mapping with a satellite radar 
altimeter, as the “snagging effect” of the signal 
(see sections (B.2), (B.3) on altimetry) leads to 
artefacts and islands offshore — the latter is most 
notable on the GEOSAT map and almost entirely 
corrected for in the ERS-1 altimeter data set). 
Offshore is so-called fast ice. In summer, rivers 
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Casey Bay — ERS1 DATA, 1995 




east (km UTM) 



e37-53n63-68, WGS84, Gaussian variog., central mer. 45, slope corrected, scale 
1:5000000, 970725 



of meltwater flow from the Scott Mountains and 
Nye Mountains to the sea. The Tula Mountains 
are described in the text of map m57e49-65n63-68 
Napier Mountains. Bare land is visible along the 
coast in LAND SAT imagery recorded in austral 
summer (Swithinbank 1988, fig. 58, p. B80). 

Assender Glacier and Hays Glacier are small 
glaciers to the west of Tange Promontory. Hays 
Glacier is the larger of the two, it flows in from 
the south and has a catchment area of 10000 km 2 
(Meier 1977, 1983). Assender Glacier flows from 
east to west (its front is close to that of Hays 
Glacier) in a valley south of Tange Promontory, 
the eastern part of the same valley is occupied by 
Molle Glacier , which flows west to east into Casey 
Bay — since the bottom of the valley is well be- 
low sea level, Tange Promontory is an island. This 
information is derived from an annotated LAND- 
SAT map in Swithinbank (1988, fig. 58, p. B80) 



and field observations quoted after Swithinbank 
(1988), it cannot be derived from satellite data 
alone. 

A similar depression that extends to 200-400 m 
below sea level connects the valley of Hays Glacier 
with the valley of “Campbell Glacier”, located 
about 25 km farther west, forming another “is- 
land”. The Russian Research Station Molodezh- 
naya is situated on this “island”, east of “Camp- 
bell Glacier” (see also map m45e37-53n67-721 
Prince Olav Coast). Snow accumulation is high in 
the area of Hays Glacier. A velocity of 1400 m a -1 
was measured for Hays Glacier at its grounding 
line, located partway up the valley, and a discharge 
of 3 km 3 a -1 glacier ice (Swithinbank 1988, p. 
B77). 

The grounding line of a glacier is defined as the 
transition of grounded ice (ice moving over rock) 
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and floating ice (ice floating on water) of a glacier 
that extends from land into the ocean or a fjord. 
Oftentimes, a glacier has a “grounding zone”, a 
transition zone, rather than a clear grounding line. 
Observations by Korotkevitch et al. (1977) indi- 
cate that the valley of Hays Glacier extends in- 
land at 200-400 m below sea level for more than 
100 km and joins the valley of Rayner Glacier; 
Rayner Glacier drains into Casey Bay 10 km west 
of Thyer Glacier and over 100 km east of Hays 
Glacier, on the other side of Tange Promontory 
— so there is another and larger “island” south of 
Tange Promontory. Rayner Glacier drains an area 



of 118000 km 2 , it has a velocity of 861 m a 1 near 
the 500 m elevation and an ice thickness of 2300 
m (at 30 km upglacier of the 500 m elevation) de- 
creasing to 500 m at the floating ice front, and 
a mass flux of 10.4 Gt a -1 (11.4 km 3 a -1 ) (after 
Swithinbank 1988, fig. 58, p. B80). 

To the east of Tange Promontory is a small ice 
shelf, this is Hannan Ice Shelf, which forms in a 
sheltered bay and is nurtured by several glaciers, 
including Molle Glacier, and can be seen on the 
ERS-1 map Casey Bay (grey area extending from 
the coast at (-7500.000 N/600.000 E) UTM. 




82 



Napier Mountains — GEOSAT GM DATA, 1985 — 86 
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Map m57e49-65n63-68 Napier Mountains 

This map is the northern extension of map between William Scoresby Bay (67° 24’S/59° 34’E) 
m57e49-65n67-721 Kemp Coast. It shows the and Murray Monolith (67° 47’S/66°54’E)). 
northern part of Enderby Land, which is a land- 

mass projecting off the Antarctic continent be- Kem P Coast extends from William Scoresby Bay 
tween 44°38’E and 59° 34’E. The only named (67° 24’S/59° 34’E) to the head of Edward VIII 
coastal part is Kemp Coast. Noteably, the coast Ba ^ (66°50’S/56°24’E); it is named for a British 
and coastal area of Enderby Land between Shin- Whaling Captain, Peter Kemp, who discovered 
nan Glacier at 44° 38’E and William Scoresby Bay land here m 1833 ( Alberts 1995 )- Offshore of 
at 59° 34’E does not have a special name (Alberts the rocl W> 8 km lon S and 6 km wide ba y are 
1995, p. 221). To the west is Prince Olav Coast William Scoresby Archipelago and other islands, 
(Liitzow Holm Bay at 40° E to Shinnan Glacier the GEOSAT map shows offshore reflections, likely 
at 44° 38’E), farther west is Prince Harold Coast of these islands - the ba ^ was discovered in 1936 
(Riiser-Larsen Peninsula at 34° E to Liitzow Holm b y William Scoresby, who also discovered Ed- 
Bay at 40° E), to the east of Enderby Land is ward VIII Bay m 1936 and named it after the King 
Mawson Coast (the coast of Mac Robertson Land 
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Napier Mountains — ERS1 DATA, 1995 
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of England, in part of the bay is Edward VIII Ice 
Shelf. 

In the eastern part of the map is Mawson Coast , 
the coast of Mac Robertson Land, bounded by 
William Scoresby Bay and Murray Monolith (67° 
47’S/66° 54’E) (see map m57e49-65n63-68 Maw- 
son Coast). 

The Napier Mountains (center of the peninsula in 
the left half of the map) are much gentler than 
the Admiralty Mountains, as is seen by the con- 
tours (almost no closed cells). The Tula Moun- 
tains are located west of the Napier Mountains at 
(-7420.000 N/280.000 E). The valley bordered in 
the north by the Tula and Napier Mountains is 
occupied by Beaver Glacier, the valley separating 
the Napier Mountains peninsula from Kemp Coast 
(east of 57°, 500.000) contains Robert Glacier 
which drains into Edward VIII Bay. At 580.000 E 



is Hoseason Glacier, at 720.000 E Stefansson Bay 
can be identified. Seaward of Kemp Coast are the 
Hobbs Islands which may cause some of the speck- 
les on the map. The Australian Mawson Station is 
located on the coast at «63°East, on the eastern 
coast of Holme Bay («720.000 E UTM). 

The subglacial valley which contains Beaver 
Glacier is connected below sea level to the valley of 
Wilma Glacier, which flows into Edward VIII Bay 
in a location about 150 km east of Beaver Glacier. 
Wilma Glacier joins Robert Glacier shortly before 
they both drain into Edward VIII Bay (Ferrigno et 
al. 1996); the Wilma Glacier valley is the east- west 
part, the Robert Glacier valley the SW-NE part 
of the valley labeled on our maps — so without 
the ice sheet, the peninsula of Enderby Land with 
the Tula Mountains and Napier Mountains would 
be an island (Korotkevich et al. 1977; Allison et 
al. 1982; Swithinbank 1988, p.B77)! 
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The section 61° E to 63° E of Mawson Coast is also 
shown in Swithinbank (1988, fig. 56, p. B76). This 
is an example of a typical ice-wall coastline cross- 
ing an island archipelago. Here, a narrow band of 
rock is visible at the foot of an ice cliff (except 
where ice streams cross the coastline). Further ad- 
vance of the ice wall is prevented by a relatively 
high marine melting rate, and consequently the 
ice-wall coastline is likely to remain in a stable po- 
sition that is mainly controlled by sea level (Hollin 
1962). Ice walls can be in shallow water ( strand ice 
wall ) (ragged coastline); or submerged ( neritic ice 
wall), the latter rest on rock that is up to several 
hundred meters below sea level. Surface velocities 
at the ice wall have been measured at 10-20 m a -1 , 
between Casey Range and Mt. Henderson at 20- 



40 m a -1 (SE and SW of Holme Bay, respectively, 
700.000-730.000 E UTM). Field measurements in 
the area were carried out during the International 
Geophysical Year (July 1957 - December 1958). 

LANDSAT satellite images or aerial photographs 
are necessary to distinguish between mountain 
ranges, nunataks, and bare-ice ablation areas 
( blue-ice areas), which are extensive in this area. 
Some glaciers still do not have names. Ablation 
areas tend to develop downwind of obstacles that 
break up ice flow. There are even surface meltwa- 
ter lakes in this area (north of Casey and David 
Ranges). In the satellite-altimetry-derived maps, 
the roughness of the land surface and roughness of 
the coastline are reflected in rough and crowded 
contours. 
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Map m69e61-77n63-68 Mawson Coast East 



This map shows a narrow stripe of the eastern 
part of Mawson Coast and is included in the At- 
las mostly for completeness — the area mapped 
is also shown on map m69e61-77n67-721 Lambert 
Glacier (eastern part of this map is on the sheet 
adjoining to the south) or on map m57e49-65n63- 
68 Napier Mountains (western part of this map is 
on the sheet adjoining to the west). 

Mawson Coast is the coast of Mac Robertson Land 
between William Scoresby Bay (67° 24’S/59° 34’E) 
and Murray Monolith (67° 47’S/66° 54’E). William 
Scoresby Bay, an 8 km long and 5 km wide bay sur- 
rounded by snow-free hills and steep rock head- 
lands (Alberts 1995), is located west of William 



Scoresby Archipelago. Murray Monolith, 370 m 
high, is the detached front of Torlyn Mountain 
(Alberts 1995). Mawson Coast was first sighted 
during the BANZARE expedition under Sir Dou- 
glas Mawson (1929-1930). 

In the area shown on this map Mawson Coast is 
a rugged stretch of coastline with — from west 
to east — Utsikkar Bay (with Utsikkar Glacier), 
Casey Range, “Forbes Glacier”, Holme Bay (with 
the Australian Mawson Station), David Range, 
the Douglas Islands offshore of the northern ex- 
tent of Holme Bay, Framnes Mountains, Masson 
Range, Nilsen Bay, Cape Fletcher, Gustav Bull 
Mountains (with Mt. Hinks, 630 m), Scullin Mono- 
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Mawson Coast East — ERS1 DATA, 1995 
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lith, Shallow Bay, Point Williams (an island west 
of Bjerk0 Peninsula), and Bjerk0 Peninsula with 
Cape Darnley. 



The coast is mapped with lots of errors on the 
GEOSAT map (possibly Holme Bay is identi- 
fied correctly), but better on the ERS-1 map. At 
Bjerk0 Peninsula, the coast turns south to Lam- 
bert Glacier. 
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Map m81e73-89n63-68 Leopold and Astrid Coast 



Map m81e73-89n63-68 shows Leopold and Astrid 
Coast , a short section of the coast of East Antarc- 
tica east of Lambert Glacier and immediately east 
of Ingrid Christensen Coast (see map m81e73- 
89n67-721 Ingrid Christensen Coast). Leopold and 
Astrid Coast extends from the western extrem- 
ity of West Ice Shelf (at 81° 24’E) to Cape Penck 
(66°43’S/87°43’E). Cape Penck, an ice-covered 
point, also fronts West Ice Shelf, but in the east. 
This part of the coast, named for King Leopold 
and Queen Astrid of Belgium, was also discovered 
by the Lars-Clrristensen Expedition. Leopold and 
Astrid Coast is bounded by ice shelves on its en- 
tire length from Barrier Bay in the west to Philippi 
Glacier at Cape Penck in the east; Philippi Glacier 



is on the eastern edge of the ice shelves. To the 
west is Ingrid Christensen Coast , it extends from 
Jennings Promontory (70° 10’S/72° 33’E), a rock 
promontory that marks the eastern limit of the 
Amery Ice Shelf , to the western end of the West 
Ice Shelf (at 81° 24’E), visible in the NE part of the 
map. The coast was discovered and a landing made 
on Vestfold Hills in 1935 by Captain Mikkclsen 
of the Thorshavn, a vessel owned by the Norwe- 
gian whaling magnate Lars Christensen. The coast 
is named for Ingrid Christensen, the wife of Lars 
Christensen, who also participated in the whaling 
expeditions (Alberts 1995, p. 360). 
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East of Philippi Glacier is Wilhelm, II Coast (Cape 
Penck (66°43’S/87°43’E) to Cape Filchner (66° 
27’S/91° 54’E)), named for Kaiser Wilhelm II by 
Erich von Drygalski. 

On the National Geographic Atlas map (National 
Geographic Society 1992, p. 102), Cape Penck (co- 
ordinates (66°43’S/87°43’E) according to Alberts 
1995) is just west of Philippi Glacier (center co- 
ordinates (66°45’S/88°20’E) according to Alberts 
1995), on the USGS satellite image map (Ferrigno 
et al. 1996), Cape Penck is east of Philippi Glacier 
(the latter appears to be correct). Cape Penck, an 
ice-covered point, was charted by the Australian 
Antarctic Expedition 1911-14 under Mawson and 
is named for the German geographer Albrecht 
Penck (Alberts 1995, p. 565). 

Another difference between the two quoted maps 
lies in the extension of West Ice Shelf. The most 



prominent ice shelf on the USGS map, the name 
West Ice Shelf is given to the entire ice shelf area 
off Leopold and Astrid Coast, on the National Ge- 
ographic map the name applies only to the area 
west of Mikhaylov Island. Philippi Glacier is a 
25 km long glacier, which flows north to the east- 
ern end of West Ice Shelf (25 km west of Gauss- 
berg), named after a geologist of the German 
Antarctic Expedition 1901-1903 led by Drygalski. 
Hence, according to Alberts (1995), West Ice Shelf 
is the entire ice shelf area. 

The topography of West Ice Shelf consists of sev- 
eral tongues of ice which extend seaward and de- 
crease in surface elevation (above WGS 84) from 
70 m to 40 m, there are two tongues in the west- 
ern part and three in the eastern part (on the 
GEOS AT map); the second one from the west is 
most prominent and deserves the name “tongue”. 
The existence of these tongues indicates that West 
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Ice Shelf is feci by several glaciers which descend 
from the rugged and steep coast (for this area, no 
satellite image is available in Swithinbank 1988). 
The land climbs rapidly to 400 m, steepest in the 
eastern part (see detail map 6 West Ice Shelf, sec- 
tion (F.6)). 

Comparing the GEOSAT and ERS-1 maps, there 
are notable differences in the seaward extent of 
West Ice Shelf: The large ice tongue east of Barrier 
Bay extends a bit farther on the ERS-1 map (1995) 
than on the GEOSAT map (1985-86), whereas 
the eastern section (around Mikhaylov Island and 
Zavadovski Island and east of the latter) appears 
to have retreated, most drastically in the eastern- 



most part: from 100 km (in 1985-86) to less than 
50 km (in 1995). Since Philippi Glacier is located 
here, this could mean a retreat of Philippi Glacier, 
or less mass discharge by the glacier, or calving of 
the ice shelf. However, since the ice shelf appears 
to have lost extent in the entire eastern area, but 
has several (about three) “tongues” or areas of lo- 
cally maximal seaward extent, calving in all those 
areas seems less likely than decreased glacier flow 
in the eastern part of Leopold and Astrid Coast 
and in particular in Philippi Glacier. So, we have 
an area of an advancing glacier next to retreating 
glaciers (not an unusual, but an interesting phe- 
nomenon) . 
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Map m93e85-101n63-68 Queen Mary Coast 



Map m93e85-101n63-68 shows Wilhelm II Coast 
and Queen Mary Coast , parts of Leopold and 
Astrid Coast, and parts of Knox Coast. Leopold 
and Astrid Coast is west of Wilhelm II Coast. 
Wilhelm II Coast extends from Cape Penck (66° 
43’S/87°43’E), Philippi Glacier, to Cape Filchner 
(66° 27’S/91° 54’E), Queen Mary Coast, adjacent 
to the east, reaches from Cape Filchner (named 
for the leader of the German Antarctic Expedi- 
tion 1911-1912) to Cape Hordern (66° 15’S/100° 
31’E). Queen Mary Coast was discovered by Dou- 
glas Mawson, leader of the Australian Antarctic 
Expedition 1911-14 and named for Queen Mary 
of England. Easterly adjacent is Knox Coast. 



Wilhelm II Coast and Queen Mary Coast repre- 
sent two different types of coast in East Antarc- 
tica: Wilhelm II Coast is bounded by Davis Sea 
without any ice shelves, in contrast, Queen Mary 
Coast is bounded by the western half of the large 
Shackleton Ice Shelf (west of Scott Glacier). The 
eastern half (eastward of Scott Glacier) is part of 
the same ice shelf (Shackleton Ice Shelf), as de- 
termined by the 1956 Soviet Antarctic Expedition 
(see map ml05e97-113n63-68 Knox Coast). 

Several glaciers terminate in the Davis Sea, and 
there are named bays, points and islands: From 
west to east, there are Philippi Glacier, on Leopold 
and Astrid Coast, and Cape Penck (see map 
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m81e73-89n63-68 Leopold and Astrid Coast), 
Posadowsky Bay, Burton Island Glacier, Krause 
Point, Cape Filchner (offshore Drygalski Island), 
on Wilhelm II Coast; McDonald Bay (offshore the 
Haswell Islands), Helen Glacier, and Farr Bay, on 
Queen Mary Coast. Since technically, Wilhelm II 
Coast extends from Cape Penck (87°43’E) to Cape 
Filchner (91°54’E), the western part of Queen 
Mary Coast is free of ice shelves. The Russian 
Mirnyy Station is located on the coast west of He- 
len Glacier. Mirnyy Station was built on two small 
nunataks (400 m long), the only ice-free areas in 
this region. 

Indentation in the coastline, indicative of glaciers 
and their valleys, are far more pronounced on the 
ERS-1 map than on the GEOSAT map. The land 
rises steeply up to 400 m elevation (200 m in 5 km 
(4% = 2.25°; 200 m to 400 m), then less steep to 
1800 m (on this map). 



Shackleton Ice Shelf extends about 360 km east- 
west from 95° E to 105° E and extends about 
140 km into the sea in the western half and 60 km 
in the eastern half (according to Alberts 1995). 
Denman Glacier, the largest glacier in this area of 
Wilkes Land, flows through Shackleton Ice Shelf. 
On both the GEOSAT map and the ERS-1 map, 
the extent of Shackleton Ice Shelf is about 100 km 
in the part west of Denman Glacier. The tongue 
of Denman Glacier extends about as far (also 
100 km, measured from the coastline in the bay) 
on both maps, but the head of the tongue is shaped 
differently on the two maps. For more details, see 
the detail map Denman Glacier (section (F.7)). 

Shackleton Ice Shelf was known by the time of the 
United States Exploring Expedition 1838-1842, 
led by Charles Wilkes and mapped, in part, from 
the ship Vincennes in 1840, later explored by 
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the Australian Antarctic Expedition under Maw- 
son (1911-1914) and named for Antarctic explorer 
Sir Ernest Shackleton, and mapped in 1955 by 
the expedition called “Operation Highjump” (U.S. 
Navy). Roscoe Glacier drains into Shackleton Ice 
Shelf at its western margin, also several smaller 
glaciers, as well as Northcliffe Glacier, Denman 
Glacier and Scott Glacier. There are several is- 
lands in the ice shelf, Masson, Henderson, David 
and Mill Islands. 

The section of coast from Krause Point to Shack- 
leton Ice Shelf is also seen on an image in Swithin- 
bank (1988, fig. 48, p. B63). The coastline here is 
called an ice-wall coastline, which is characterized 
by small-scale ice-surface topography features vis- 
ible right up to the coast. The floating termini of 
Helen Glacier and “Annenkov Glacier ” are excep- 
tions, and both termini are afloat. 



Shackleton Ice Shelf is largely flat, with elevations 
of 40 m above the ellipsoid. On Helen Glacier, the 
line separating an (inland) area of heavy crevass- 
ing (sign of rapid movement) from the (seaward) 
area of heavy rifting (the rifts are water-filled) in- 
dicates the grounding line. Similarly, the ground- 
ing line of “Annenkov Glacier” can be determined 
in imaging. In contrast, Shackleton Ice Shelf is an 
almost featureless, floating ice shelf. Ice velocities 
of Helen Glacier are 600 ma' 1 at the floating front 
(Dolgushin 1966), 300 ma" 1 at 30-35 km inland 
(Schmidt and Mellinger, 1966); the adjacent slow 
ice moves at about 60-80 ma -1 . 

Drygalski Island is an ice cap on a seafloor shoal, 
the shoal reaches to higher than 60 m below sea 
level, but the top of the island is 326 m above 
sea level. The cap may have started forming from 
an iceberg and increased by accumulating snow. 
Maximal snowfall rates are measured 30 km in- 
land from the coast (and on Drygalski Island). 
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Map ml05e97-113n63-68 Knox Coast 

Map ml05e97-113n63-68 Knox Coast shows a sec- 
tion of the coast of Wilkes Land. Knox Coast ex- 
tends from Cape Hordern (66° 15’S/100° 31’E) to 
Hatch Islands (66° 32’S/109° 16’E). Cape Hordern 
is the northwest end of the B unger Hills. The 
Hatch Islands are a group of rocky coastal islands 
5 km east of Ivanov Head at Vincennes Bay (near 
Adams Glacier) . The Bunger Hills are south of the 
eastern end of Shackleton Ice Shelf. To the east lies 
Bndd Coast. Budcl Coast extends from Hatch Is- 
lands east to Cape Waldron (66° 34’S/115° 33’E), 
it is named after the master of the ship Peacock of 
the Wilkes Expedition (1838-42). Cape Waldron 
is an ice-covered cape just west of Totten Glacier 
(see detail map Totten Glacier, section (F.9)). To 



the west of Knox Coast is Queen Mary Coast , ex- 
tending west to Cape Filchner (66° 27’S/91° 54’E). 

The largest inland drainage systems are the 
ones of Denman Glacier and Vanderford Glacier. 
The Denman Glacier valley extends at least 
180 km inland from the location where Den- 
man Glacier enters Shackleton IceShelf (at (- 
7400.000 N/220.000 E)) to an elevation of 2200 m 
(on map m93e85-101n67-721 Wilkes Land). The 
valley of Vanderford Glacier extends southeast 
around Law Dome (at the eastern margin of 
this map) . Vanderford Glacier is the largest 
glacier in Vincennes Bay (650.000 to 750.000 E 
on the coast). Denman Glacier has a velocity of 
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«1370 ma' 1 to 1500 ma -1 (two sources), Scott 
Glacier of 1300 ma -1 . A detail map of Denman 
Glacier is given in section (F.7), a detail map of 
Vanderford Glacier in section (F.8). 

On the National Geographic Atlas map (National 
Geographic Society 1992, p. 102), Shackleton Ice 
Shelf extends further east around the coast of 
Knox Coast (to about 106° E) than on our radar 
altimeter map, but on the USGS satellite image 
map (Ferrigno et al. 1996), Shackleton Ice Shelf 
extends to just east of Bunger Hills, to about 101° 
E (based on a 1983 image in this region), which 
matches the extent on the ERS-1 map (1995 data). 
We conclude that (most likely) (1.) the extent 
of Shackleton Ice Shelf has remained largely un- 
changed between 1983 and 1995, and (2.) the ERS- 
1 satellite mapping and processing picks up the 
ice-shelf edge fairly correctly, whereas the ice data 
on the National Geographic map is outdated. The 



GEOSAT map shows specks off the coast, where 
the National Geographic map shows many islands, 
of which Mill Island (-7280.000 N/220.000 E) near 
Shackleton Ice Shelf is the largest. Others include 
Merrit Islands and Davis Islands west of Vin- 
cennes Bay and Balaena Islands east of the bay. 
The mouth of Adams Glacier (at 695.000 E) may 
also be identified, whereas some smaller named 
glaciers cannot be resolved. 

The named glaciers are, from west to east, Den- 
man Glacier, Scott Glacier, Apfel Glacier (near 
the Australian Edgeworth David Station and the 
Russian Bunger Oasis II Station, which was built 
in 1956 and handed over to Polish Scientists in 
1959, then renamed Dobrowolski Station), offshore 
is Mill Island , Remenchus Glacier (which flows 
into Shackleton Ice Shelf), Du Beau Glacier at the 
edge of Shackleton Ice Shelf, Robinson and Under- 
wood Glacier, Adams Glacier (in Vincennes Bay), 





98 



and Vanderford Glacier (offshore are the Windmill 
Islands) . 

The Bunger Hills are a 1000 km 2 large snow-and- 
ice-free area. The area was discovered in 1947 by 
U.S. Navy Operation Highjump and called an “oa- 
sis”. Byrd (1947) described the Bunger Hills as “a 
land of blue and green lakes and brown hills in an 
otherwise limitless expanse of ice” (after Swithin- 



bank 1988, p. B59); there were three large lakes 
of 3 km diameter and 20 smaller lakes, all with 
open water. The lakes are an exposure of the sea 
that underlies the ice shelves, but the lake area 
is separated from the ice edge by the 50 km wide 
Slrackleton Ice Shelf. Bunger Hills and Denman 
Glacier are also seen in an image in Swithinbank 
(1988, fig. 47, p. B61). 
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Map mll7el09-125n63-68 Sabrina Coast 



The map mll7el09-125n63-68 Sabrina Coast 
shows (from west to east) Budd Coast with Law 
Dome, Sabrina Coast with Moscow University Ice 
Shelf and the western half of Banzare Coast (to 
125° E). 

Budd Coast is the coast around Law Dome, be- 
tween Hatch Islands (66° 32’S/109° 16’E) and 
Cape Waldron (66° 34’S/115° 33’E). The Hatch Is- 
lands are a group of rocky coastal islands 5 km east 
of Ivanov Head at Vincennes Bay (near Adams 
Glacier). Budd Coast was discovered in Feb. 1840 
by the U.S. Exploring Expedition led by Charles 
Wilkes and named for Thomas Budd, Acting Mas- 
ter of the Peacock , one of the expedition ships. 



Law Dome (center coordinates (66° 44’S/112° 
50’E)) is a large ice dome which rises to 1395 m. 
The dome was discovered by the U.S. Expedition 
’’Operation Highjump” (1946-47), it is named for 
Phillip Law, Director of the Australian Antarctic 
Division (1949-1966). Intensive glaciological and 
geophysical surveys were carried out on Law Dome 
by the ANARE Program in 1962-1965. Notice 
that the elevation of Law Dome is mapped cor- 
rectly from GEOSAT and ERS-1 altimeter data 
(judged by the slope between 1000 m and 1200 m 
and the diameter of the area above 1200 m). The 
exact slope of the coastline of Budd Coast varies 
between GEOSAT and ERS-1 mapping, as has 
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been noticed for other maps also. The E-W diam- 
eter of the Law Dome peninsula is 230 km. 

Off Cape Folger are the Balaena Islands (possibly 
the source of reflection offshore on the GEOSAT 
map), the northernmost point of Budcl Coast is 
Cape Poinsett. West of the Balaena Islands are the 
Windmill Islands (named after the U.S. expedition 
” Operation Windmill” ) . 

The valley of Vanderford Glacier that reaches 
around Law Dome from the northwest (120 km) 
and the valley of Totten Glacier that reaches 
around Law Dome from the northeast (130 km) 
meet south of the dome at an elevation of 800 m. 
Whereas Vanderford Glacier does not extend 
much into the ocean, Totten Glacier has a large 
offshore part (95 km long on the ERS-1 map, 
85 km long on the GEOSAT map). For more in- 
formation, see the text and maps in the detail map 



section for Vanderford Glacier (F.8) and Totten 
Glacier (F.9). 

Williamson Glacier is a small glacier just west of 
Cape Waldron, at the west edge of Totten Glacier; 
Fox Glacier is similarly small and 20 km further 
west of Williamson Glacier (according to Swith- 
inbank 1988, fig. 46, p. B60; and other than in- 
dicated on the National Geographic map where 
Totten Glacier is not named but has the name 
’’Williamson Glacier” printed across it - and end- 
ing at the small Williamson Glacier). 

Totten Glacier drains an area of 150.000 km 2 
and has a balance discharge of 43 km 3 a -1 (McIn- 
tyre, after Swithinbank 1988, p. B57). Radio-echo 
soundings prove the existence of a subglacial val- 
ley. The velocity of ice entering Totten Glacier 
from the south (where the glacier flows in a east- 
northeasterly direction) is 280 ma^ 1 (near the 
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1000 m contour on the Australian elevation map; 
spot soundings of ice thickness in the same area 
are 1450, 2000, 1900, 1500, and 1600 m. Ice-front 
velocities are 850-1200 ma -1 (Dolgushin 1966). 

On the USGS satellite image map (Ferrigno et al. 
1996), Totten Glacier extends only about 20 km 
into the sea; the image in Swithinbank (1988, fig. 
46, p. B60) is a composite of two LANDSAT 1MSS 
images, both from 26 October 1973. Comparing 
that to the extent in the GEOSAT (85 km) and 
ERS-1 (95 km) maps suggests that Totten Glacier 
has been advancing. Taking corrected positions 
into account, it can be concluded that Totten 
Glacier has been advancing at a rate of aproxi- 
mately 1 km per year between 1973 and 1995 (for 
derivation of this result, see the Totten Glacier de- 
tail map, section (F.9)). 

The Australian Casey Station is located on Buclcl 
Coast near Cape Folger. Wilkes Station was used 
by the U.S. Antarctic Expedition “Operation 
Windmill” in the International Geophysical Year 
(1957/58), then given to Australian scientists in 
1960, then rebuilt (Casey). 

Sabrina Coast extends from Cape Waldron (at 
(66°34’S/115°33’E), between Williamson Glacier 
and Totten Glacier) to Cape Southard (66° 
32’S/122° 05’E). John Ballemy saw land here in 
March 1839 at 117° E. The land was mapped 
as ’’Totten High Land” by the U.S. Exploring 
Expedition (1838-1842) led by Charles Wilkes 
who explored it in 1840. In 1931 the British- 
Australian-New Zealand Antarctic Research Ex- 



pedition (BANZARE) led by Douglas Mawson 
saw land 1 degree further south than reported 
by Ballemy, but kept the name “Sabrina Coast”, 
named after a ship of Ballemy that was lost in a 
storm in 1839. 

Moscow University Ice Shelf covers the offshore 
area of Sabrina Coast, the ice shelf reaches from 
the Totten Glacier ice to ice in Paulding Bay, 
Paulding Bay is already on Banzare Coast. The 
National Geographic Atlas map shows Dalton Ice- 
berg Tongue (center coordinates (66° 15’ S/121° 
30’ E) extending north from the eastern end of 
Moscow University Ice Shelf; the iceberg tongue is 
not visible on the USGS Satellite Image Map of 
Antarctica (Ferrigno et al. 1996). Dalton Iceberg 
Tongue was photographed from the air by U.S. 
expedition “Operation Highjump” (1946-47) and 
also observed by the ANARE expeditions in 1958 
and in 1960. 

Banzare Coast lies between Cape Southard (66° 
32’S/122° 05’E) and Cape Morse (66° 15’S/130° 
10’E), it was seen from the air by the British- 
Australian-New Zealand Antarctic Research Ex- 
pedition in 1930-31, led by Douglas Mawson and 
named BANZARE like the expedition acronym. 
West of 125° E (the map edge) are Voyeykov Ice 
Shelf which protrudes just east of Paulding Bay 
and is barely identifiable on the GEOSAT and the 
ERS-1 maps, and there are several small glaciers. 

The contour lines indicate rough and steep terrain 
south of the coast on this map. 
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Clarie Coast - GEOSAT GM DATA, 1985-86 




east (km UTM) 



el 21 -1 37n63-68, WGS84, Gaussian variog., central mer. 129, slope corrected, 
scale 1:5000000, 970723 



Map ml29el21-137n63-68 Clarie Coast 

The map ml29el21-137n63-68 Clarie Coast shows g 
sections of the coast of Wilkes Land , East Antarc- F 
tica: From west to east, (1.) Banzare Coast ( Cape \ 
Southard at (66° 34’S/122° 05’E) to Cape Morse 4 
at (66° 15’S/130° 10’E) near Cape Carr, and (2.) it 
Clarie Coast (Cape Morse to Pourquoi Pas Point e 
at 136°H’E). There are small sections of Sabrina c 
Coast at the western end of the map and of Adelie fi 
Coast on the eastern end of the map, but these are cl 
better covered on maps mll7el09-125n63-68 Sab- it 
rina Coast and ml41el33-149n63-68 Adelie Coast, c 
respectively. ti 

b 

Cape Morse is a low, ice-covered cape and the east- j, 
ern side of the entrance of Porpoise Bay. A channel 



glacier with the same name (Morse Glacier) enters 
Porpoise Bay about 3 miles southwest of Cape 
Morse (Alberts 1995). Cape Carr (66° 09’S/130° 
42’E) is the first labeled feature on Clarie Coast; 
it is a prominent, ice-covered cape 15 miles north- 
east of Cape Morse. Correct identification of the 
capes was only possible by comparison of the maps 
from several expeditions — the old maps are of 
different accuracy, the coastline changes, and so 
it has not always been clear to which location a 
certain name was given by the discovering expedi- 
tion. Clarie Coast was discovered in January 1840 
by Captain Jules Dumont d’Urville who noticed 
land south of the ice cliffs he named “Cote Clarie” 
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Clarie Coast — ERS1 DATA, 1995 




east (km UTM) 

el 21 -1 37n63-68, WGS84, Gaussian variog., central mer. 129, slope corrected, 
scale 1:5000000, 970725 



(after the wife of the captain of his second ship 
“Zelee” (Alberts 1995)). 

The land on this map descends steeply towards the 
coast, with a gradient of 200 m over 30 km, corre- 
sponding to 0.66% = 0.38° slope between 1400 m 
and 1600 m elevation to a gradient of 200 m over 
5 km (locally) to 10 km (2% = 1.15°) between 
600 m and 800 m. The overall gradient and steep- 
ening is similar throughout most of this map and 
adjacent coastal Wilkes Land maps; the gradient 
of 200 m in 5 km, equal to a 4% slope or 2.29° 
, occurs in the northeastern slope of North High- 
land. Hence it is likely that local slopes vary and 
are even steeper, because a consequence of the 
smoothing effects of altimetry mapping and krig- 
ing are smoother contours and locally lower ap- 
parent elevations. 



Several small ice shelves are mapped along Ban- 
zare Coast : Voyeykov Ice Shelf at (-7400.000 N/ 
210.000 E), ice shelves east and west of Maury Bay, 
at Cape Goodenouglr and Cape Spieden and in 
Porpoise Bay. The near-coastal topography indi- 
cates the existence of several small valley glaciers, 
which match the signatures on the National Geo- 
graphic Atlas map (National Geographic Society 
1992, p. 102). Named glaciers on the USGS Satel- 
lite Image Map (Ferrigno et al. 1996) are Thomp- 
son Glacier ending in Paulding Bay, Bell Glacier 
in Maury Bay, Holmes Glacier in the North High- 
land region, and Frost Glacier south of Porpoise 
Bay. 

Between Cape Morse and Cape Carr is a small 
glacier with a tongue ( Blodgett Iceberg Tongue) on 
the National Geographic Map, not much of it is 
shown on the GEO SAT and ERS-1 maps, an indi- 
cation of the changing ice extent along the coast. 
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On Clarie Coast, the only glacier named on the 
USGS Satellite Image Map is Dibble Glacier at 
Davis Bay. A comparison of the USGS Satellite 
Image Map and the ERS-1 map and the GEOS AT 
map indicates that Dibble Glacier may occupy the 
valley south of Davis Bay that extends over 100 km 
inland. According to Alberts (1995, p. 188), Dib- 
ble Glacier is a channel glacier that terminates on 
the east side of Davis Bay and has a prominent 
glacier tongue ( Dibble Glacier Tongue (65°50’S/ 
135° E)) from which an iceberg tongue ( Dibble Ice- 
berg Tongue (65°30’S/135°E), mappable in 1946 
and 1956) extends even further seaward. The loca- 
tions of ice extending seaward on the ERS-1 map 
and on the USGS Satellite Image Map indicate 
that Dibble Glacier may not occupy the promi- 
nent valley south of Davis Bay but flow slightly 
further east towards the headland east of Davis 
Bay. A glacier tongue consists of floating glacier 
ice that is still connected (but possibly heavily 



crevassed) and extends seaward from a glacier; an 
iceberg tongue consists of icebergs, all stemming 
from the same glacier, but the ice is broken up 
into larger and smaller blocks (icebergs); icebergs 
calve off along the crevasses visible in the glacier 
tongue, as the glacier tongue moves seaward. 

Pourquoi Pas Glacier (center coordinates (66° 
15’S/135° 55’E)) is the easternmost significant 
glacier on this map, it is a 6 km wide and 
23 km long outlet of the East Antarctic Ice Sheet. 
Pourquoi Pas Glacier flows in a northnortlrwest- 
erly direction and terminates in a prominent 
glacier tongue ( Pourquoi Pas Glacier Tongue, 
which was 6 km wide and 10 km long in 1946-47). 
Some of the ice east of Davis Bay may stem from 
Pourquoi Pas Glacier. “Pourquoi Pas?” (“why 
not?”) was the name of the polar vessel of the 
French Antarctic expedition led by Jules Dumont 
d’Urville. 
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Adelie Coast - GEOSAT CM DATA, 1985-86 




east (km UTM) 

el 33-1 49n63-68, WGS84, Gaussian variog., central mer. 141, slope corrected, 
scale 1:5000000, 970723 



Map ml41el33-149n63-68 Adelie Coast 



This map shows a section of Wilkes Land, 
East Antarctica, centered around Adelie Coast 
with parts of Clarie Coast in the west (cf. map 
ml29el21-137n63-68 Clarie Coast) and George V 
Coast in the east (Mertz Glacier and surround- 
ings, see map ml41el33-149n67-721 Wilkes Land 
el33-149n67-721 and the Mertz and Ninnis Glacier 
detail maps, section (F.10)). 

At the headland northwest of Mertz Glacier, the 
coast of Wilkes Land turns south, the large part 
of Wilkes Land that extends to near the polar 
circle or north of it ends here. With George V 
Coast, Oates Coast and Pennell Coast, the coast 
draws southward for 5 degrees of latitude. The 



name Adelie Coast applies to the coast between 
Pourquoi Pas Point (66° 12’S/136° ll’E) and Point 
Alden (66°48’S/142° 02’E), the coast was named 
’’Terre Adelie” by Capt. Jules Dumont d’Urville 
who discovered the coast in January 1840, for his 
wife (Alberts 1995). Point Alden is an ice-covered 
point with rock exposure on the seaward side, lo- 
cated at the western side of the entrance to Com- 
monwealth Bay (discovered in January 1840 by 
Ch. Wilkes). Pourquoi Pas Point is the point be- 
tween Davis Bay and Victor Bay. 

Dibble Glacier ends in the eastern side of Davis 
Bay (see description to map ml29el21-137n63-68 
Clarie Coast). The next named glacier to the east 
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Adelie Coast - ERS 1 DATA, 1995 




east (km UTM) 

el 33-1 49n63-68, WGS84, Gaussian variog., central mer. 141, slope corrected, 
scale 1:5000000, 970725 



is Pourquoi Pas Glacier (see also map ml29el21- 
137n63-68 Clarie Coast). Several kilometers fur- 
ther east is Commandant Charcot Glacier (center 
coordinate 66° 25’S/136° 35’E) which terminates 
in the head of Victor Bay. 

Commandant Charcot Glacier is 5 km wide and 
18 km long, it is an outlet glacier of the East 
Antarctic Ice Sheet and flows northnorthwest, 
terminating in a broad and about 3 km long 
(1950-52) glacier tongue ( Commandant Charcot 
Glacier Tongue (66° 22’S/136° 35’E)); offshore ice 
is seen in the ERS-1 map. ’’Commandant Charcot” 
was the name of the ship of the 1950-52 French 
Antarctic Expedition (Alberts 1995, p. 147). Next 
to the east are Cape Robert (66° 23’S/137° 39’E), 
Franqis Glacier, Cape Pepin, and several smaller 
glaciers, the French overwintering Station Dumont 
d’Urville near Astrolabe Glacier, Cape Jules, Point 



Alden, and Commonwealth Bay (with the Aus- 
tralian station of the same name). 

Cape Robert (66° 23’S/137° 39’E) is an ice-covered 
point at the west side of Marret Glacier, which 
is a small 6 km wide, 6 km long channel glacier 
and an outlet glacier. Franais Glacier (center co- 
ordinate (66° 33’S/138° 15’E)) is a 6 km wide and 
18 km long outlet glacier with a 5 km long glacier 
tongue (Francis Glacier Tongue) in Ravin Bay, it 
was likely discovered in 1837-1840 (Francis was 
the name of a ship of that expedition). Cape 
Pepin (66°32’S/138°34’E) is an ice-covered cape 
between Ravin Bay and Barre Glacier (named for 
Adelie Pepin, wife of J. Dumont d’Urville). Barre 
Glacier is a 8 km wide and 8 km long channel 
glacier and an outlet glacier. 

Astrolabe Glacier (66°45’S/139°55’S) is a 6 km 
wide and 16 km long outlet glacier, flowing north- 
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northeast and terminating in a prominent (5 km 
wide, 6 km long) tongue, the Astrolabe Glacier 
Tongue, the latter is located at the eastern end 
of the Geologie Archipelago. 

Cape Jules (66° 44’S/140° 55’E) is a rocky cape 
with a small cove at its north end, located 5 km 
west of Zelee Glacier Tongue (Jules is the first 
name of Dumont d’Urville and of his son). Zelee 
Glacier (66°52’S/141° 10’E) is a small 5 km wide 
and 10 km long glacier, which flows northnorth- 
west — like most of its neighbours — along the 
western side of Lacroix Nunatak and terminates at 
the western side of Port Martin in a large tongue 
(3 km wide, 11 km long). 

We note that in this part of Wilkes Land even the 
small and short glaciers are outlet glaciers of the 
East Antarctic Ice Sheet. 

The morphologic feature named Zelee Subglacial 
Trench (center coordinate (68°S/144°E)), how- 
ever, is not occupied by Zelee Glacier but by 
Mertz Glacier (Alberts 1995, p. 832), the trench 
or trough runs NNE-SSW. 

At Point Alden (66°48’S/142° 02’E), George V 
Coast begins. Commonwealth Bay is located be- 
tween Point Alden (W) and Cape Gray (66° 
51’S/143°22’E) (E), a couple of small glaciers end 
in the 50 km wide bay. The bay was discovered 
in 1912 by the Australian Antarctic Expedition 
led by Douglas Mawson, who established the main 
base of the expedition (Commonwealth Station) 
at Cape Denison at the head of the bay (Al- 
berts 1995, p. 147). East of Commonwealth Bay 
is Watt Bay (67° 02’S/144°E), an about 25 km 
wide bay. Offshore between the two bays is Way 
Archipelago. On the GEO SAT map, there are off- 
shore reflections, some of which stem from islands. 

The area of George V Coast around Common- 
wealth Bay, and Watt Bay is called “home of the 
blizzard” in Swithinbank (1988, p. B55-B57 and 
fig. 44), because it is the windiest place on Earth 
(or, the windiest place with meteorologic records) . 



Measured wind speeds are 19 ms -1 as an aver- 
age over 22 months in 1912-13, 25 m s -1 as the 
highest monthly mean (July 1913), and 43 m s -1 
as the highest daily mean, and peak velocities 
of wind gusts are, of course, a lot higher (after 
Madigan 1929). Evidence of wind is seen in satel- 
lite images (such as fig. 44, Swithinbank 1988), 
the directions of snow transported by the wind 
and visible in the image demonstrates that it is 
katabatic wind that rages as a blizzard. Kata- 
batic wind is caused by pressure gradients over 
an ice sheet, higher pressures exist high on the 
center of the ice sheet, lower pressures over the 
coast and the ocean, consequently the katabatic 
wind flows offshore in directions normal to con- 
tour lines. Katabatic winds carry large amounts 
of snow from the ice sheet to the sea, this effect 
needs to be taken into account in glaciologic mass 
balance calculations. Loewe (1956), an overwin- 
terer at the French Station Port Martin in 1951, 
estimated that 240.000 tons of drift snow crossed 
each kilometer of coast on a blizzard day; this cor- 
responds to removal of half of the estimated accu- 
mulation. The katabatic winds do not extend far 
out to the sea (10-20 km). The snow freezes to- 
gether with crystals of rapidly freezing seawater, 
forming Shuga, an accumulation of spongy white 
lumps. The heat loss contributes to the formation 
of cold Antarctic bottom water. 

The largest glacier in the area of this map is Mertz 
Glacier, it is described with the southerly adja- 
cent map ml41el33-149n67-721 Cook Ice Shelf, 
and with the Mertz Glacier detail maps (F.10). 
Buchanan Bay (67° 05’S/144° 40’E) is a sheltered 
bay formed by the junction of the western side of 
Mertz Glacier Tongue and the mainland. Cape de 
la Motte marks the western entrance point. 

Fisher Bay is already in George V Coast, at (67° 
31’S/145°45’E), located between the eastern side 
of Mertz Glacier Tongue and the mainland, this is 
20 km wide. The land slopes with increasing gra- 
dients to the coast. 
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Ninnis Glacier Tongue — GEOSAT GM DATA, 1985 — 86 




el 45-1 61 n63-68, WGS84, Gaussian variog., central mer. 153, slope corrected, 
scale 1:5000000, 970723 



Map ml53el45-161n63-68 Ninnis Glacier Tongue 



Ninnis Glacier is an outlet glacier of the East 
Antarctic Ice Sheet, on George V Coast of Wilkes 
Land. The Ninnis Glacier Tongue was so promi- 
nent at the time of the old expeditions that the 
name of the tongue rather than the name of the 
glacier is listed in some maps (e.g. National Ge- 
ographic Atlas map, National Geographic Society 
1992, p. 102). Now the glacier tongue has receded. 
Ninnis Glacier and Ninnis Glacier Tongue were 
discovered by the Australian Antarctic Expedition 
(1911-1914) led by D. Mawson, Ninnis was a mem- 
ber of the expedition who lost his life in a sledge 
journey. For a discussion of glaciers with tongues, 
their advance and retreat, see the description of 



the detail maps Mertz and Ninnis Glaciers (sec- 
tion (F.10)). 

This map is a good example of the disadvantage 
of regular map tiling in sheets as used in the Atlas 
scheme — then and now a map with a poor cut 
results, one with hardly anything on it (this map 
is the only one in this Atlas) . Ideally, one would al- 
ways like the feature of interest to be in the center 
of the map and the neighbourhood around it, but 
that is not always possible with regular map tiling. 
For this reason, special detail maps are produced 
for areas of particular interest — this is chapter 
(F) of this book. 





Ninnis Glacier Tongue — ERS1 DATA, 1995 




el 45- 1 61 n63-68, WGS84, Gaussian variog., central mer. 153, slope corrected, 
scale 1:5000000. 970725 
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Antarctic Peninsula (Graham Land) — GEOSAT GM DATA, 1985 — 86 
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Map m297e289-305n63-68 Antarctic Peninsula (Graham Land) 



(Coordinates e289-305 correspond to w7 1-55) 

Because of its high topographic relief, the Antarc- very good and give a largely realistic picture of 
tic Peninsula is not well represented in satellite- the Antarctic Peninsula’s topography, 
radar-altimeter data, but it is revealed better in 

satellite images (see USGS Satellite Image Map Larsen Ice Shel f' the lar S est ice shelf of the P enin ' 
of Antarctica (Ferrigno et al. 1996) and Swith- sula is mapped correctly, and several of the glaciers 
inbank, 1988, p. B105-B118). This is most obvi- that discharge ice from the mountain ranges that 
ous in the GEOSAT maps of the peninsula (this form the backbone of the peninsula into Larsen Ice 
map and m292e284-300n67-721 Antarctic Penin- Shelb Jason Peninsula marks the northern limit 
sula (Palmer Land)). The retracking algorithms do of Larsen Ice Shelf, but the bay on the opposite 
not work properly, and signal returns picked from (western) side of the Peninsula is smaller. Joinville 
islands appear as long features in sub-satellite Island ’ the lar S est island of the Joinville Island 
track locations. The ERS-1 maps, however, are S rou P’ ^ off the northeastern tip of the penin- 
sula at 63° 15’S/55°45’W and 60km long, 19 km 
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east (km UTM) 



e289-305n63-68, WGS84, Gaussian variog., central mer. 297, slope corrected, 
scale 1:5000000, 970723 
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Antarctic Peninsula (Graham Land) — ERS1 DATA, 1995 




east (km UTM) 



e289-305n63-68, WGS84, Gaussian variog., central mer. 297, slope corrected, 
scale 1:5000000, 970725 



wide, should be mapped farther north. It was dis- 
covered in 1838 by the French Antarctic Expe- 
dition led by Jules Dumont d’Urville. The back- 
bone of the peninsula extends farther northeast- 
ward than on the ERS-1 map (see GEOS AT map), 
and Adelaide Island is larger, but in the correct 
location. So it appears that the ERS-1 algorithm 
cuts out too many data, whereas the GEOSAT al- 
gorithm retains some erroneously retrackecl data. 

The ice shelf north of Jason Peninsula does not 
have a separate name, Drygalski Glacier and 
Evans Glacier drain into it. From north to south, 
the coasts of the peninsula are, with some of their 
major features: Trinity Peninsula (63°37’S/58° 
20’W) is the northernmost part of the penin- 
sula, separated from it by the Antarctic Sound is 
Joinville Island. 



There are many research stations on the Penin- 
sula, Bernardo O’Higgins (Chile), Hope Bay (UK) 
and Esperanza (Argentina) on Trinity Peninsula. 
Southeast of Trinity Peninsula is James Ross Is- 
land (near 64° S/57. 5° West), separated by Prince 
Gustav Channel. Davis Coast (from Cape Kjell- 
man (63°44’S/59° 24’W), E side of Charcot Bay, 
to Cape Sterneck (64° 04’S/61° 02’W), N side of 
Hughes Bay) is on the western coast, Nordenskjold 
Coast is the eastern coast. Between the northern 
part of the peninsula (Davis Coast, Trinity Penin- 
sula) and the South Shetland Islands is Bransfield 
Strait, the islands are north of 63° North, hence 
not on our maps. 

South of Davis Coast is Danco Coast (Cape Ster- 
neck (N) to Cape Renard (65° 01’S/63°47’W), 
south side of Flandres Bay) and south of that Gra- 
ham Coast (Cape Renard (N) to Cape Bellue (66° 
18’S/65° 53’W), north side of Darbel Bay), Loubet 
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Coast (Cape Bellue (N) to Bourgeois Fjord (67° 
40’S/67° 05’W), between Pourquoi Pas and Blaik- 
lock Islands), Fallieres Coast (Bourgeois Fjord (N) 
to Cape Jeremy (69° 24’S/68° 51’W)). 

Cape Jeremy marks the boundary between Gra- 
ham Land and Palmer Land, and also the north 
entrance of George VI Sound. Most names were 
given by the Belgian Antarctic Expedition led by 
Gerlaclre 1898. The west coast is rugged, with 
mountain ranges and glaciers falling steeply into 
the sea, many islands are located offshore, the 
largest is Adelaide Island (with Rothera Station, 
UK) with a 2565 m high point (Mt. Gandry) and 
an ice piedmont (Fuchs Ice Piedmont) on the west- 
ern side. 

On the east coast of Graham Land are Norden- 
skjold Coast (Cape Longing (64° 33’S/58° 50’W), S 
entrance of Prince Gustav Channel, to Cape Fair- 
weather (700 m high) at (65° 00’S/61° 01’W)). 

Oscar II Coast extends from Cape Fairweather to 
Cape Alexander (66°44’S/62°37’W) at the head 
of Churchill Peninsula, just south of Jason Penin- 
sula in Larsen Ice Shelf and north of Cabinet 
Inlet. Foyn Coast lies between Cape Alexander 
and Cape Northrop (67° 24’S/65° 16’W, 1160 m), 
north of Whirlwind Inlet and opposite Adelaide Is- 
land. Bowman Coast extends from Cape Northrop 
(N) to Cape Agassiz (68°29’S/62°56’W), the tip 
of Hollick-Kenyon Peninsula at the south end of 
Larsen Peninsula. The Antarctic Peninsula was 
discovered in the 19th century and at the turn of 
the 20th century. 

The Weddell Sea, between the Antarctic Peninsula 
and Cape Norvegia, Queen Maud Land, was dis- 
covered in 1823 by James Weddell, who named it 
George IV Sea. The name was changed in 1900. 

The east coast of the Antarctic Peninsula, the west 
coast of the Weddell Sea, is bounded by large ice 
shelves. The west coast of Graham Land is just 
outside the climatic limit for ice shelves but the 
east coast is just within this limit, which coincides 
with the -5° C mean annual isotherm at sea level 
(Reynolds 1981, after Switlrinbank 1988, p. B105). 
The ice in Prince Gustav Channel is the northern- 
most ice shelf of Antarctica. 



Steep glaciers tumble into the ice shelves from De- 
troit Plateau (1500-2000 m) north of Jason Penin- 
sula and to the south into Larsen Inlet. Larsen Ice 
Shelf is around 400 m high at the grounding line 
and 200 m or less at the ice front; the ground- 
ing line is visible in satellite imagery (Swithin- 
bank 1988, p. B105). In warm summers, the ice 
shelf becomes covered with a well-developed pat- 
tern of melt streams (Swithinbank 1988, p. B105). 
Larsen Ice Shelf suddenly disintegrated in spring 
2002, between January and March most of the ice 
shelf broke up into icebergs. 

In the Marguerite Bay area precipitous moun- 
tain glaciers descend from alpine peaks, there are 
also crevassed ice piedmonts, calving ice cliffs and 
hanging glaciers, and an ice-filled sea. The ice 
on Graham Land Plateau (1500-1700 m a.s.l.) is 
500-700 m thick. Swithinbank Glacier (named af- 
ter British glaciologist Charles Swithinbank) flows 
into Marguerite Bay at the latitude of Pourquoi 
Pas Island. A map of the glacier region near San 
Martin, Marguerite Bay, was generated by Wrobel 
et al. (2000) using plrotogrammetry. 

Muller Ice Shelf (Lallemand Fjord) in Marguerite 
Bay could be the northernmost ice shelf on the 
west side, Jones is a bit further south (Bour- 
geois Fjord), both are thin and exist only because 
they are sheltered by fjords (1978 satellite image, 
Swithinbank 1988, p. B110, fig. 81). Meanwhile 
Muller Ice Shelf has broken up. 

Rapid breakup of Wordie Ice Shelf occurred a few 
years earlier (Vaughan 1993). It appears that the 
present time is a time of rapid disintegration of 
ice shelves (Vaughan et al. 2001; Rott et al. 2002; 
MacAyeal et al. 2002). 

The breakup of the northerly ice shelves is a 
consequence of climatic warming. The triggers of 
breakup and the physical mechanisms of ice shelf 
disintegration are not known yet and are an objec- 
tive of current research. Crevasse formation and 
propagation, as well as iceberg calving mecha- 
nisms play a role, while surficial meltwater ponds 
and streams, as observed on Larsen Ice Shelf, are 
indicators of a warm climate. 
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(D.2) Latitude Row 67-72.1° S: Maps from GEOSAT and ERS-1 Radar 
Altimeter Data 



Ekstroem Ice Shelf — GEOSAT GM DATA, 1985 — 86 




e23W-7Wn67 — 721 , WGS84, Gaussian variog., central mer. 1 5W, 
slope corrected, scale 1:5000000, 970723 
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Map ml5we23w-7wn67-721 Ekstrom Ice Shelf 



This map, showing the northwestern section of the 
coast of western Queen Maud Land, is best viewed 
together with the adjacent map, m3wellw-5n67- 
721 Fimbul Ice Shelf, to get a complete picture 
of the ice shelves from Cape Norvegia to Fim- 
bul Ice Shelf \ all north of Princess Martha Coast. 
Princess Martha Coast extends from the terminus 
of Stancomb- Wills Glacier at 20° W to 5° E. Cape 
Norvegia separates the northern ice shelves from 



the southerly-extending Riiser-Larsen Ice Shelf 
(with Seal Bay at its northern end), and, in a 
larger geographic sense, the Atlantic sector of the 
circum- Antarctic ocean to the east and north and 
the Weddell Sea to the west and southwest. Be- 
tween Ekstrom Ice Shelf and Cape Norvegia, off- 
shore of the tip of the large peninsula, is the small 
Quar Ice Shelf. Ekstrom Ice Shelf is very well stud- 
ied, mostly by German Antarctic Expeditions, be- 
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Ekstroem Ice Shelf — ERS1 DATA, 1995 




e337-353n67-721 , WGS84, Gaussian variog., central mer. 345, 
slope corrected, scale 1:5000000, 970727 
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cause the German overwintering station Georg von 
Neumayer is situated on this ice shelf in the vicin- 
ity of Atka Bay (approximately 24 km from the 
edge of the ice shelf). Already the second station 
has been built, since the first station was lost in 
the ice (intentionally, because of its construction 



in the ice, the station was sinking each year, and 
given up after about 15 years of use). 

The southerly continuation of Riiser-Larsen Ice 
Shelf is seen on map m357e339-15n71-77 New 
Schwabenland, the following section on m333e315- 
351n71-77 Riiser-Larsen Ice Shelf. 
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el 1 W-5n67-721 , WGS84, Gaussian variog., central mer. 3W, slope 
corrected, scale 1:5000000, 970723 
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Map m3wellw-5n67-721 Fimbul Ice Shelf 



This map shows the coast of western Queen 
Maud Land, called Princess Martha Coast , which 
has a mountainous hinterland and is bounded 
by large ice shelves - Ekstrom Ice Shelf \ Jelbart 
Ice Shelf and Fimbul Ice Shelf. Princess Martha 
Coast extends from the terminus of Stancomb- 
Wills Glacier at 20° W to 5°E. The name Princess 
Martha Coast was originally given only to the 
section of coast near Cape Norvegia, which was 
discovered by Capt. Hjalmar Riiser-Larsen and 
charted from the air during that expedition in 
1930. 



The peninsula west of Ekstrom Ice Shelf (cen- 
ter coordinate (71°S/8°W) is Sprasen Ridge; the 
peninsula separating Ekstrom Ice Shelf and Jel- 
bart Ice Shelf is Halvfarryggen Ridge (“Ridge” 
is superfluous in the name, as “ryggen” means 
“ridge”; center coordinate (71° 10’S/6°40’W), a 
broad snow-covered ridge; a large island and sev- 
eral smaller islands and snow ridges are situated 
between Jelbart Ice Shelf and Fimbul Ice Shelf. 

West of Ekstrom Ice Shelf is the small Quar Ice 
Shelf located at center coordinate (71°20’S/ 11° 
W) and visible in the map; Quar Ice Shelf is sep- 
arated from the large Riiser-Larsen Ice Shelf by 
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e349-5n67-721 , WGS84, Gaussian variog., central mer. 357, slope 
corrected, scale 1:5000000, 970729 
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the peninsula with Cape Norvegia at its head. The 
westernmost section of the ice shelves is mapped 
on sheet m345e337-353n67-721 Ekstrom Ice Shelf. 

Ekstrom Ice Shelf is named for Bertil Ekstrom, a 
Swedish engineer who drowned when the weasel he 
was driving plunged off the edge of Quar Ice Shelf 
on 24 February 1951, Quar Ice Shelf is named for 
Leslie Quar, a British radio mechanic and elec- 
trician, and Jelbart. Ice Shelf is named for Aus- 
tralian observer John E. Jelbart, both drowned 
on 24 February 1951 in the same accident as 
Ekstrom. This occurred during the Norwegian- 
Britislr-Swedislr Antarctic Expedition 1949-52, led 
by John Giaever, after whom the ridge south of 
Jelbart Ice Shelf is named. 

The South African Sana Station is located at the 
western edge of Fimbul Ice Shelf; the German 



Overwintering Station Georg von Neumayer is lo- 
cated near Atka Iceport on the Ekstrom Ice Shelf. 
The research stations Drushnaya 3 (USSR) and 
Maudlreim (Norwegian) were built on the Quar 
Ice Shelf, the small ice shelf west of Ekstrom Ice 
Shelf. 

The most impressive feature in the map area is Ju- 
tulstraumen Glacier (see also detail map in section 
(F.3)), whose tongue extends 240 km north into 
the Fimbul Ice Shelf. Jutulstraumen Glacier is the 
largest glacier between longitude 15° E and 20° W, 
it drains an area of 124.000 km 2 , has a discharge 
of 12.5 km 3 at 72°15’S and an ice velocity at the 
front of 1 km a -1 . It follows a geologic trough, the 
northern part of which is clearly seen on this map; 
the southerly continuation, the westerly branch in 
Penck Trough and the easterly branch that joins 
from east of the Neumayer Cliffs, and the up- 
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per parts of the drainage basin are mapped on 
m357e339-15n71-77 New Sclrwabenland and de- 
scribed there in more detail. At the western edge 
of the terminus of Jutulstraumen Glacier are Pas- 
sat Nunatak and Boreas Nunatak (220 m) on Gi- 
aever Ridge, the eastern edge is Roberts Knoll on 
Ahlmann Ridge. 

To the south, the land of this section of Princess 
Martha Coast ascends to (W to E) Ritscher Up- 
land , Borg Massif (south of Giaever Ridge, which 
is south of Jelbart Ice Shelf), and the Miihlig- 
Hoffman Mountains south of eastern Fimbul Ice 
Shelf. 

Features in this map sheet appear more clearly on 
the GEOSAT map. Ice elevations in the area ap- 
pear to have decreased from GEOSAT 1985/86 to 
ERS-1 1995 by possibly 5 m, as deduced from size 



reductions of the higher-elevation contours on the 
ice shelves. Most noteworthy, the tongue of Jutul- 
straumen Glacier has a connected center that is 
20 m above the level of the surrounding Fimbul 
Ice Shelf, in 1985/86 the center elevation is 70 m 
(above WGS 84) with spots above 80 m, in 1995 
the 70 m contour is exceeded only in a few areas. 
The areas below 40 m and 50 m on the ice shelf 
may have changed less, so it appears that the off- 
shore part of Jutulstraumen Glacier lost elevation, 
and hence mass (since the ice shelves are afloat). 
These observations need to be adjusted for a gen- 
eral offset between elevations from GEOSAT and 
ERS-1 observations, such an offset has not been 
calculated (to our knowledge), however, it is on the 
order of decimeters (less than 72 cm or 22 cm, de- 
pending on accuracy values, see (C.1.1)), whereas 
the observations here are on the order of meters. 
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el — 17n67 — 721 , WGS84, Gaussian variog., central mer. 9, slope 
corrected, scale 1:5000000, 970723 
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Map m9el-17n67-721 Princess Astrid Coast 



Princess Astrid Coast is a part of the coast of 
Queen Maud Land, between Fimbul Ice Shelf and 
Princess Ragnhild Coast (adjacent to the east). 
The coastline is bounded by 50-70 km wide ice 
shelves, most of which are unnamed. Princess 
Astrid Coast extends from 5°E to 20° E and is 
named for Princess Astrid of Norway, this part of 
the coastline was discovered by Capt. H. Halvorsen 
of the ship Sevilla in March 1931. The name 
Princess Ragnhild Coast applies to the coast of 
Queen Maud Land between 20° E and Riiser- 
Larsen Peninsula at 34° E. West of Princess Astrid 
Coast is Princess Martha Coast , which extends 
from 5° E westward to the terminus of Stancomb- 
Wills Glacier at 20° W. This coast is also bouned 



by ice shelves, and ice cliffs in the area are 20-35 m 
high. The name Princess Martha Coast was origi- 
nally given only to the section of coast near Cape 
Norvegia, which was discovered by Capt. Hjalmar 
Riiser-Larsen and charted from the air during that 
expedition in 1930. 

About 100-150 km south of the coast, several 
mountain ranges are located ( Wohlthat Moun- 
tains , Drygalski Mountains , Gjelsvik Mountains, 
Miihlig-Hofmann Mountains, Orvin Mountains, 
and Hoel Mountains ), which create a fairly steep 
slope toward the coast (1000 m in 100 km, cor- 
responding to a slope of 0.57°) on the large scale 
and deflect the ice flow of the inland ice locally. 
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As is typical for GEOSAT data, there are lots of 
artefacts and errors mapped off the coast, fortu- 
nately, in this sheet not obliterating the mapped 
ice shelves. Several small glaciers drain from the 
coastal area to the ice shelves. The area is shown, 
in part, on an annotated NOAA-7 AVHRR image 
mosaic (IfAG 1982; see Swithinbank 1988, p. B93). 

In the northeast of the map are the Schirmacher 
Hills. The Schirmacher Hills (center coordinate 
(70°45’S/11°40’E)) are an 18 km long, narrow 
range of coastal mountains, located 60 km north 
of the Humboldt Mountains along the coast of 
Queen Maud Land, that have received special at- 
tention in research since their discovery by the 
German Antarctic Expedition led by Ritscher in 
1938-1939. The Schirmacher Hills are named after 
Richard Heinrich Schirmacher, pilot of Borea, one 
of the expedition’s seaplanes. Numerous meltwater 



ponds named Schirmacher Ponds are found in the 
Schirmacher Hills thus the earlier names “Schir- 
macheroase” (oasis, because the meltwater ponds 
indicate a local climatic optimum) or Schirmacher 
Seenplatte. 

The Schirmacher ’’Oasis” is a climatic outlier, as 
indicated by the abundance of ablation features, 
which include hundreds of melt ponds in summer, 
raging torrents of water flow in shallow ravines 
over the ice shelf (Swithinbank 1988, p. B86), and 
tidal freshwater sea lakes. The Russian Station No- 
volazarevskaya is located in the eastern part of the 
Schirmacher Hills. An ice stream passes around 
the Hills at a velocity of 324 m a -1 (Swithin- 
bank 1966; Kruclrinin et al. 1967). The Schirma- 
cher Hills sit right on the (estimated) grounding 
line of the adjacent ice shelf. There are ice clolines 
on the ice shelf. 
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Erskine Iceport — GEOSAT GM DATA, 1985 — 86 
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Map m21el3-29n67-721 Erskine Iceport 



This map sheet shows a stretch of Princess Ragn- 
hild Coast (in the eastern part of our map) and 
Princess Astrid Coast (in the western part of our 
map), Queen Maud Land, with several extensive 
ice shelves. The name Princess Ragnhild Coast ap- 
plies to the coast of Queen Maud Land between 
20° E and Riiser-Larsen Peninsula at 34° E, the 
ocast was discovered by Riiser Larsen and Captain 
Nils Larsen in aerial flights from the ship Norvegia 
in February 1931 and is named for Princess Ragn- 
hild of Norway (Alberts 1995, p. 592). Princess 
Astrid Coast extends from 5°E to 20° E and is 
named for Princess Astrid of Norway, this part of 
the coastline was discovered by Capt. H. Halvorsen 



of the ship Sevilla in March 1931. It is interesting 
to note that in Queen Maud Land the boundaries 
of the coasts have been set simply by degrees of 
longitude, whereas in most other areas of Antarc- 
tica distinct boundary points such as capes have 
been determined, the former is an indication that 
the boundaries were defined much later than the 
name was applied to the coastal stretches. 

The coastal area and the ice shelves are mapped 
clearly on the ERS-1 map, and with errors on the 
GEOSAT map. The errors along the coastline and 
offshore are typical for GEOSAT altimeter data. 
The best procedure is to work geographically with 
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Erskine iceport — ERS1 DATA, 1995 
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the ERS-1 map, then compare coastal features and 
extent of ice shelves on the GEOSAT map. Since 
the errors are clearly identifiable as such (little 
black dots, concentric, dense contour lines around 
small spots, and errors in line in track directions 
and offshore), the maps are still useful, albeit un- 
pleasing. 

The fact that the coast and its ice shelves are so 
well-mapped on the ERS-1 map, but features in 
the area moulding five promontories are even un- 
named on the USGS satellite image map (Ferrigno 
et al. 1996), motivates closer investigation of the 
mapped geographic features. 

There are three prominent peninsulas, with bays 
or iceports offshore of their heads: Erskine Iceport, 
Godel Iceport, and Breid Bay. The Belgian Station 
Roi Baudoin is located in Breid Bay at «25° E. Be- 



tween the iceports lie sectors of ice shelf. A smaller 
promontory extends north at about 310.000 E sep- 
arating the ice shelf into two sectors. 

For lack of names, let us imagine labeling the sec- 
tors of the ice shelf A (area west of small head- 
land), B (area between small headland and Er- 
skine Iceport headland), C (area between Erskine 
Iceport headland and Godel headland), D (area 
between Godel headland and Breid Bay), and E 
(east of Breid Bay). 

Comparison between GEOSAT and ERS-1 maps 
indicate that ice in A stayed about the same 
from 1985/86 to 1995, the glacier tongue in B 
decreased somewhat (5-10m) in elevation and 
the shelf receded or calved off into a bay « (- 
7760.000 N/350.000 E). 
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There is a small outlet glacier flowing northwest 
from the headland (Erskine) at its western side, 
and a larger one (or two) on its eastern side (de- 
creased in elevation), the latter may correspond 
to a trough in the coastal topography. There 
is also a glacier off the north tip of the head- 
land with Godel Iceport, and higher ice elevations 
in area D, possibly ice rises in area E near (- 
7800.000 N/700.000 E) with lower elevations close 
to the coast. 

The inland territory increases in relief towards 
the south, because the S0r Rondane Mountains 
lie south of Princess Ragnhild Coast (21°- 29° E), 
and the Wohlthat Mountains, Petermann Ranges, 
Weyprecht Mountains and Payer Mountains lie 
south of Princess Astrid Coast. The mountain 
ranges extend beyond 72.1° S and are described 



for the map adjacent to the south (m21e3-39n71- 
77 Spr Rondane Mountains). 

The Wohlthat Mountains have been studied 
during the GEISHA expedition 1987/88 (Ger- 
man expedition into the Shackleton Range, 
1987/88, see, for example Kleinschmidt et al. 
1988, Kleinschmidt and Buggisch 1993, Buggisch 
and Kleinschmidt 1999; see also report on the EU- 
ROSHACK expedition, Tessensohn et al. 1999), 
for their role in the Gondwanaland breakup. In 
this context, the Spr Rondane Mountains have 
also been investigated. The highest peak in the 
Spr Rondane Mtns. is Isaclrsen Mountain (3425 m) 
at (72° ll’S/26° 15’E), near it is the named glacier 
Byrd Breen. The Japanese Asuka Station is in 
the northern Spr Rondane Mountains near Mt. 
Romnaes (1500 m). 
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Riiser Larsen Peninsula — GEOSAT GM DATA, 1985-86 




e25-41 n67-721 , WGS84, Gaussian variog., central mer. 33, slope 
corrected, scale 1:5000000, 970723 
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Map m33e25-41n67-721 Riiser-Larsen Peninsula 



The Riiser-Larsen Peninsula is the large penin- 
sula in the center of the map. To the west of 
it lies Princess Ragnhild Coast. Princess Ragn- 
hild Coast is the coast of Queen Maud Land be- 
tween 20° E and 34° E (Riiser Larsen Peninsula) . It 
was discovered by Riiser-Larsen and Captain Nils 
Larsen on flights from the ship Norvegia in Febru- 
ary 1931 and named for Princess Ragnhild of Nor- 
way. The westernmost part of the map shows parts 
of Princess Astrid Coast , which extends from 20° 
E to 5°E, is named for Princess Astrid of Nor- 
way and was discovered by Captain Halvorsen in 
March 1931. To the east of Riiser-Larsen Penin- 
sula (34° E) is Prince Harald Coast , which extends 



to Luetzow-Holm Bay (40° E), adjacent is Prince 
Olav Coast (40° E to 44° 38’ E). 

The coastline on our map is farther inland than 
on the National Geographic map (National Geo- 
graphic Society 1992, p. 102) (the coastline is iden- 
tified by closely spaced contour lines between 200 
and 60 m). Within the range of the width of this 
margin the coastline is probably correct (other- 
wise it would be fuzzy). The contours offshore of 
the peninsula may correspond to shelf ice, on this 
as on many other maps their location matches the 
location of ice shelves. Dots, stripes and dots in 
stripes are likely caused by retracking errors, or 
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Riiser Larsen Peninsula — ERS1 DATA, 1995 
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by errors in the altimetry (’’snagging” of the sig- 
nal on existing islands that leave a trace along the 
groundtrack; cf. Herzfeld et al. 1993). The con- 
tours offshore on the eastern side of the peninsula 
in Luetzow-Holm Bay also match shelf-ice loca- 
tions. 

Extending inland southsouthwestward from the 
eastern Luetzow-Holm Bay (Havsbotn) is a large 
trough visible. This is the valley of Shirase Glacier. 
Shirase Glacier is the largest ice stream west 
of Rayner Glacier (see maps m45e37-53n67-721 
Prince Olav Coast and m45e37-53n63-68 Casey 
Bay on Rayner Glacier), it drains an area of 
165.000 km 2 and extends 500 km inland (quoted 
after Swithinbank 1988, p. B79), the glacier fol- 
lows a 9 km wide valley down from the plateau 
of the inland ice, this subglacial trough extends 
200 km inland from the coast (Korotkevich et al. 



1977) and continues in a submarine canyon (the 
bed of the ice sheet is close to sea level). Shirase 
Glacier is larger than Rayner Glacier and has a 
larger drainage basin. In the LANDSAT image, 
Shirase Glacier has a floating ice tongue that ex- 
tends 65 km from the grounding line into Luetzow- 
Holm Bay, the tongue flows between Padda Island 
and a small island to the east. 

Shirase Glacier is the fastest (surveyed as of 1988) 
glacier in Antarctica, measurements of velocity 
vary: 2500 m a -1 at the ice front according to 
Nakawo et al. (1978), 2900 m a” 1 in some loca- 
tions according to Fujii (1981). The glacier was 
already mapped by Hansen (1946) from 1936-37 
aerial photography. Estimates of the flux of ice 
vary almost by a factor of two, 7.4 Gt a -1 (8.1 
km 3 a -1 ) according to Nakawo et al. (1978) vs. 14 
Gt a -1 (15.4 km 3 a -1 ) according to Fujii (1981) — 
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differences in the estimates are caused by different 
assumptions on ice thickness and the correctness 
of the maps in Hansen (1946). A detail map of 
Shirase Glacier is given in section (F.4). 

Mountainous terrain is characterized by large 
changes in elevation over short distances — this 
is termed “high relief energy” in geography and is 
a better characterization than absolute elevation. 
On the altimetry-derived maps, individual moun- 
tains are not outlined because of the relatively low 
resolution of the altimeter compared to the size 
(area) of a mountain. The relief energy, however, 
still translates into rough terrain at this scale and 
type of mapping. Consequently, the rougher con- 
tours on the maps are indicative of mountainous 
terrain. For example, the rough contour lines ex- 
tending north from the label 2400 correspond to 
the Queen Fabiola Mountains (also called Yamato 
Mountains , located at 35° E, 73° -71° S according 
to the USGS Satellite Image Map (Ferrigno et 
al. 1996)). The highest elevations in the southern 
part of the map correspond to the Belgica Moun- 
tains. The highest peak in the Belgica Mountains 
is Mt. Victor (2588 m), the highest peak in the 
Queen Fabiola Mountains is Mt. Derom (2390 m). 
The absolute elevation of a mountain range is not 
tracked correctly by the altimeter, and, in addi- 
tion, the kriging operation used for interpolation 
is an averaging operation; consequently, the el- 
evations on the maps are usually lower than the 
highest peaks in the mountain range. On this map, 
however, the difference appears to be not too bad. 

The Queen Fabiola Mountains contain extensive 
blue-ice areas (areas of bare glacier ice surfaces) 
around nunataks and associated glacial debris. 
Since 1969, Japanese scientists have collected 4813 



meteorites within these blue-ice areas, which is 
about 25% of the world-wide collection of mete- 
orites (Swithinbank 1988, p. B82, fig. 60) and the 
largest concentration of meteorites in Antarctica. 
This concentration may have been caused by ab- 
lation and consequent exposure, or by a concen- 
tration of falling meteorites. 

Comparison with the ERS-1 map shows that 
the main geographic features are mapped as 
on the GEOSAT map. Contours are generally 
smoother, and the contours in the areas identi- 
fied as mountainous are rougher than contours 
elsewhere on this map also. The coastline ap- 
pears a lot smoother on the ERS-1 map than on 
the GEOSAT map. The outlines of the Ice Shelf 
have not changed significantly between 1985 and 
1995. Notably, a rectangular contour line is ex- 
tending northeastward into Luetzow-Holm Bay on 
both maps, this is an ice tongue extending from a 
glacier, which is also indicated on the USGS map. 
Higher shelf ice elevations offshore of two smaller 
bays on the eastern shore of Riiser-Larsen Penin- 
sula are probably associated with glaciers flowing 
out of the valleys of the Peninsula (note the corre- 
sponding valleys along the eastern margin of the 
Peninsula). The Japanese Station Syowa is located 
on the coast (on Ongul Island, see Swithinbank 
1988, fig. 59, p. B81) near the eastern edge of the 
map (and, of course, not visible). 

A satellite image map of the eastern part of 
Luetzow-Holm Bay is pictured in Swithinbank 
(1988, fig. 59, p. B81). The ice tongue on our 
maps is not identical with the ice tongue of Shi- 
rase Glacier (which extends into the fast ice of 
Luetzow-Holm Bay at least 50 km northeast). 
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Prince Olav Coast — GEOSAT GM DATA, 1985 — 86 
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Map m45e37-53n67-721 Prince Olav Coast 



This map shows Queen Maud Land (Prince Har- 
ald Coast, Prince Olav Coast) and Enderby Land 
up to an elevation of 3000 m. The western part of 
this map shows Luetzow-Holm Bay, which gives 
a good idea of the amount of overlap between 
maps. The central and eastern parts of the Shirase 
Glacier drainage are seen on this map, the west- 
ern and central parts on map m33e25-41n67-721 
Riiser-Larsen Peninsula. 

Prince Olav Coast is the coast of Queen Maud 
Land between 44° E and 44°38’E, Shinnan Glacier 
(67° 55’S/44° 38’E) marks the eastern limit of this 
coast as well as the boundary between Queen 



Maud Land and Enderby Land. Prince Olav Coast 
was discovered by Captain Hjalmar Riiser-Larsen 
in January 1930 on a flight from the ship Norve- 
gia and is named for Prince Olav of Norway. The 
features offshore Prince Olav Coast are at least in 
part artefacts. 

Further east than Shinnan Glacier is Tange 
Promontory at (67°27’S/46 0 45’E) or (-7520.000 N/600.000 E) 
on Enderby Land, directly east of the promotory 
lies Casey Bay. For description of the coastal fea- 
tures, see also map m45e37-53n63-68 Casey Bay. 

The Russian Station Molodezhnaya is located west 
of Tange Promontory. The small glacier at the foot 
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Prince Olav Coast — ERS1 DATA, 1995 
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of Tange Promontory has no noticeable continu- 
ation inland, whereas Rayner Glacier drains a 
trough that extends at least 200-300 km inland in 
a southerly direction. Thyer Glacier joins Rayner 
Glacier shortly before reaching Casey Bay; a small 
trough of Thyer Glacier is indicated on the map at 
(-7520.000 N/630.000 E). The rough terrain south 
of Casey Bay corresponds to the Nye Mountains. 

The coast of Queen Maud Land west of Prince 
Olav Coast is Prince Harald Coast , which includes 
Luetzow-Holm Bay and extends west to Riiser- 
Larsen Peninsula. Prince Harald Coast was dis- 
covered by V. Widerpe, N. Romnaes and Ingrid 
Christensen of the Lars Christensen Expedition 
1936-1937 from the air and is named after the 
infant son of the crown prince of Norway at the 
time (Alberts 1995). 



Notably, the coast of Enderby Land does not 
have specific coastal names (except for the sec- 
tion of Kemp Coast, see map m57e49-65n67- 
721 Kemp Coast). Enderby Land extends from 
Slrinnan Glacier (67° 55’S/44° 38’E) to William 
Scoresby Bay (67° 24’S/59° 34’E). 

The southern reaches of the large drainage basin of 
Rayner Glacier can be seen in the two southerly 
adjacent maps m45e27-63n71-77 Belgica Moun- 
tains and m45e27-63n75-80 Valkyrie Dome. There 
is an ice divide that separates the basin of Rayner 
Glacier (E) from that of Shirase Glacier (W) and 
extends to the 2400-m contour (at least). Accord- 
ing to McIntyre (after Swithinbank 1988), the 
drainage basin of Rayner Glacier is 118.000 km 2 , 
corresponding to a 200 km inland extension 
(smaller than observed from the Atlas maps). 
Thyer Glacier is a smaller glacier that enters 
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Rayner Glacier from the east. Rayner Glacier is 
11 km wide at its confluence with Thyer Glacier. 
The last 20 km of Rayner Glacier are afloat. The 
velocity of Rayner Glacier is 861 m a” 1 near the 
500 m surface elevation, mass flux is 10.4 Gt a -1 
(11.4 km 3 a” 1 ). 

An interesting feature is the following: Hays 
Glacier, located near Tange Promontory, is joined 
with the valley of Rayner Glacier through a valley 
that extends inland at elevations of 200-400 m 
below sea level for more than 100 km. Another 
valley connection exists between Assender and 
Molle Glaciers that makes Tange Promontory 
an ’’island”. A third valley connects ’’Campbell 



Glacier” and Hays Glacier at 200-400 m below 
sea level. 

The same features may be identified on the ERS- 
1 map, which has generally smoother contours 
and no offshore artefacts. As is best seen in 
the LANDSAT satellite image (fig. 57, p. B78) 
in Swithinbank (1988), the coast along Casey 
Bay and Amundsen Bay (see map m57e49-65n63- 
68 Napier Mountains) is very mountainous and 
rugged (which causes a rough coastline in our 
altimetry-based maps). Some of the area west 
around Tange Promontory and west of it is seen on 
the LANDSAT image in fig. 58, p. B80 (Swithin- 
bank 1988), this coast is characterized by a steady 
descent from the inland ice. 
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Kemp Coast - GEOSAT GM DATA, 1985-86 
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Map m57e49-65n67-721 Kemp Coast 

Map m57e49-65n67-721 Kemp Coast shows the 
land south of Kemp Coast (the northwestern part 
of Kemp Coast and Mawson Coast (West) is 
shown on map m57e49-65n63-68 Napier Moun- 
tains, where the coastal features are described), 
a section of Mawson Coast and MacRobertson 
Land, dipping in the east to Prince Charles Moun- 
tains, the range that borders Lambert Glacier on 
the west. The area in the southeastern corner of 
the map has a much ’’noisier” appearance. This 
is caused by the rugged terrain of the mountains 
forming the edge of the Lambert Glacier trough. 
Although it may be difficult to identify individual 
mountains, it is possible to distinguish rugged ter- 



rain from smooth topography in the maps. Robert 
Glacier has a 150 km long drainage extending 
southsouthwest from (-7450,000 N/480,000 E). All 
these geographic features are shown on both the 
GEOSAT and the ERS-1 maps. 

Kemp Coast extends from William Scoresby Bay 
(67° 24’S/59° 34’E) to the head of Edward VIII 
Bay (66° 50’S/56° 24’E); it is named for a British 
Whaling Captain, Peter Kemp, who discovered 
land here in 1833 (Alberts 1995). Offshore of 
the rocky, 8 km long and 6 km wide bay are 
William Scoresby Archipelago and other islands, 
the GEOSAT map shows offshore reflections, likely 
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of these islands. The bay was discovered in 1936 
by William Scoresby, who also discovered Ed- 
ward VIII Bay in 1936 and named it after the King 
of England, in part of the bay is Edward VIII Ice 
Shelf. 



Mawson Coast is the coast of Mac Robertson Land 
between William Scoresby Bay and Murray Mono- 
lith (67° 47’S/66° 54’E) (see map m57e49-65n63-68 
Mawson Coast). 
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Map m69e61-77n67-721 Lambert Glacier 



Lambert Glacier/ Amery Ice Shelf is the largest 
ice-stream/ice-shelf system in East Antarctica, it 
drains about 10% of the East Antarctic Ice Shield 
(Drewry 1983). Lambert Glacier is the first area 
that we investigated with the method presented 
here (and used to create the entire Antarctic At- 
las) — it was this map that was used to demon- 
strate that mapping ice surfaces accurately from 
altimeter data is possible at all, using geostatisti- 
cal methods adapted to the task. The most immi- 
nent scientific question was: “Can the grounding 
line be determined from radar altimeter data?” 

Why is the determination of the grounding line 
such an important question that it is worth de- 



signing a new method for data analysis for its so- 
lution? 

Changes in climate lead to changes in ice elevation 
and in ice mass — albeit with a large time lag, 
which depends on the size of the glacier. Good 
candidates to investigate changes in the Antarc- 
tic Ice Sheet are the large outlet glaciers and ice- 
stream/ice-shelf systems. Not only is the Lambert 
Glacier/ Amery Ice Shelf system large, it is also lo- 
cated relatively far north, and hence more sensitive 
to warming than more southerly ice-stream/ice- 
shelf systems such as the Ross Ice Shelf and the 
Filchner and Ronne Ice Shelves and ice streams 
leading into those. In a warming climate, northerly 
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Lambert Glacier — ERS1 DATA, 1995 
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Antarctic ice shelves will disintegrate first, and 
some along the Antarctic Peninsula have already 
disintegrated in recent years (see chapter (A)). 

Having established that as a large and northerly 
ice-stream/ice-shelf system Lambert Glacier/ 
Amery Ice Shelf is an important objective of study, 
the next question is: “How do we investigate pos- 
sible advance or retreat best?” 

The first place that comes to mind as a candidate 
for monitoring advance or retreat is the front of 
the glacier. But while the front is a good place 
for an alpine valley glacier, the front of an ice 
shelf changes more erratically, large icebergs may 
calve off suddenly, or there may be long times of 
slow advance, or small icebergs may break off fre- 
quently. For example, in a single calving event 
(in 1963) 11000 km 2 [that is 110 km by 100 km 



in area!] of ice broke off the front of Amery Ice 
Shelf (Ledenev and Yevdokimov 1965; Swithin- 
bank 1969). Changes in the ice front of Amery 
Ice Shelf from 1936 to 1965 are described in Bucld 
(1966). At present, a large rift is developing and 
extending in the front of Amery Ice Shelf, and al- 
most certainly a huge iceberg will calve off in the 
next one or two years. 

The grounding line , defined as the place where the 
glacier becomes afloat, is a better place to monitor 
advance and retreat. Small changes in ice thickness 
translate into large changes in grounding line posi- 
tion (for geometrical reasons because of the small 
surface slope typical of Antarctic ice streams) . The 
principles are the following: Based on a model that 
assumes idealized bedrock and perfect plasticity 
of ice, Weertman (1974) showed that the surface 
slope of an ice sheet decreases with the transition 
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from grounded to floating ice. Using this result, a 
break in slope may be taken as a grounding-line 
indicator. 

A second indicator of the grounding-line position 
is the surface roughness of the glacier and the ice 
stream: Sliding over the rough glacier bed induces 
a rougher surface topography than floating on the 
smooth water surface; this means that grounded 
glacier ice is rough and floating ice-shelf ice is 
smooth. 

The grounding line is a feature suitable to monitor 
changes - if it can be observed. 

A first important step in mapping is determina- 
tion of an appropriate variogram that represents 
surface roughness in the grounding zone. The ap- 
proximate location of the grounding zone is known 
from field work (Budd et al. 1982). As described in 
section (C.3) on variography, a detailed structural 
analysis of Lambert Glacier grounding zone was 
undertaken. Because ice-stream/ice-shelf systems 
are areas of major interest, and grounding zones 
have an intermediate, but low, surface roughness, 
the Lambert Glacier variogram was found suitable 
to be selected for mapping the Atlas. 

The contours below 140 m were chosen at a 
10 m interval to map the ice surface of the ice- 
stream/ice-shelf system such that it is possible 
to distinguish between rough topography typical 
of grounded ice and smooth topography typical 
of floating ice, which corresponds roughly to the 
100 m contour. (Above 140 m, 200, 400 m etc. 
steps of 200 m are used to map any other ele- 
vation occurring in Antarctica.) In addition, the 
100 m contour defines a break in slope suggestive 
of the grounding line. (The fact that the 100 m 
contour is identified is a coincidence, after pro- 
ducing maps with 95, 96, 97, 98, 99, and 100, 101, 
102, 103 m contour lines, we found that the 100 m 
contour best satisfies the conditions of identifying 
(a) the break in slope and (b) the boundary be- 
tween rough and smooth that are associated with 
the position of the grounding line.) 

Indeed, the grounding zone can be mapped with 
our method (Herzfeld et al. 1993), which consti- 
tutes a significant advance in the use of satellite 
radar altimeter data for investigation of Antarc- 
tic outlet glaciers and ice-stream/ice-shelf sys- 
tems. Monitoring changes in such systems has also 
become possible with the geostatistical method 



for mapping from satellite radar altimeter data 
(Herzfeld et al. 1997). A comparison of 1978 and 
1987/89 satellite data maps demonstrated that 
Lambert Glacier had advanced «10 km in 10 years 
while some other glaciers had retreated. A spe- 
cial section in this Atlas is dedicated to monitoring 
changes in the Lambert Glacier / Amery Ice Shelf 
System (chapter (E)). 

Most geographic features of the Lambert Glacier 
/ Amery Ice Shelf System are also represented on 
the (larger) special map “Lambert Glacier/ Amery 
Ice Shelf System” (section (F.5)), which has been 
constructed because the regular Atlas sheet does 
not contain upper Lambert Glacier south of 72.1° 
S and important parts of the drainage basin. 

There are a few complicating steps associated with 
the identification of grounding lines. One is that 
the apparent grounding line is located a little bit 
upglacier from the grounding line at the bottom 
of the glacier simply for geometric reasons. 

The next issue is the discrimination between 
“grounding line” and “ grounding zone”. Usage 
of the term “grounding line” assumes that a clear 
line runs more or less straight across the glacier, 
identifying the boundary between grounded ice on 
one side and floating ice on the other. On Lam- 
bert Glacier (and many other glaciers) the ap- 
parent grounding line meanders irregularly across 
the glacier, as is obvious in the maps. The patchy 
areas above the 100-m contour farther north sug- 
gest the presence of seafloor shoals intersecting the 
bottom of the ice shelf immediately downstream. 
The entire area, from north coordinate -7870000 
to -7920000 (on the western side of the glacier), 
or to -7950000 (on the eastern side of the glacier) 
can probably be considered the grounding zone. 

During an Australian expedition to Lambert 
Glacier, Budd et al. (1982) identified a position 
at N -7900000/E 480000 as on the grounding line, 
using optical leveling. This position is in the area 
identified as the grounding zone by us, which gives 
assurance that we have identified the grounding 
zone correctly. 

Partington et al. (1987) point out that the altime- 
ter “sees” the grounding line before crossing it, 
when the direction of satellite motion is up-glacier, 
and conversely, after crossing it, when the direc- 
tion of motion is clown-glacier, i.e. in both cases 
the position observed by the satellite is down- 
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glacier of the true grounding line position; the 
difference can be 2-4 km depending on angle be- 
tween satellite groundtracks and grounding line. 
The data slope-correction procedure should coun- 
teract this effect (but there may still be some er- 
ror). 

The thickness of Lambert Glacier in the grounding 
zone is about 1000 m (or 770 m or 900 m depend- 
ing on the reference, see Hambrey 1991, Hambrey 
and Dowdeswell 1994, Swithinbank 1988). The 3- 
km grid size of the Atlas maps corresponds to 
three times the ice thickness in the vicinity of the 
grounding line. As a consequence, the grid resolu- 
tion of the DTM is sufficient for numerical models 
of the Lambert Glacier / Amery Ice Shelf System 
that take into account longitudinal stress gradi- 
ents, but at the same time the DTM is coarse 
enough to warrant neglecting the so-called “T- 
term” (a double integral over a coordinate perpen- 
dicular to the glacier surface of the second deriva- 
tive of the shear stress, in the longitudinal direc- 
tion) in the longitudinal stress equilibrium equa- 
tion (Kamb and Echelmeyer 1986). More simply, 
this means that the Atlas DTMs provide a reliable 
and accurate data basis which permits solid geo- 
physical modeling for glaciers of the thickness of 
Lambert Glacier and more. 

Lambert Glacier follows a deep graben. Ice from 
a large catchment area drains into the Lambert 
Glacier trough, accelerating and forming an ice 
stream. 

The grounded part is Lambert Glacier, the float- 
ing part is Amery Ice Shelf. Along the margin, 
both Lambert Glacier and Amery Ice Shelf have 
lowered surface elevation — lower than both the 
glacier surface and the surface of the adjacent 
slow-moving ice that is not part of the ice stream 
of American Highland to the East and the rugged 
Prince Charles Mountains on the western side 
of Lambert Glacier. A similar lowered area runs 
along the side of every glacier (e.g. in the Alps) 
and is a consequence of increased vertical strain 
rates in the marginal shear zones of the glacier 
(for ice physics explaining this effect, see Herzfeld 
et al. 1993). 

However, the overcleepenings visible in the Atlas 
maps are larger than the physically explainable 
surface lowering. A second effect that results in an 
apparent trench alongside the margin of a glacier 
in a valley is caused by the technology of satellite 



altimetry — the effect is called “snagging” and de- 
scribes the tendency of the altimeter to “lock on” 
to a reflector while crossing a break in slope before 
regaining track (Partington et al. 1987) — this is 
the same effect that caused the mislocation of the 
break in slope associated with the position of the 
grounding line mentioned earlier. While the appar- 
ent marginal surface lowering is about 50 m in our 
maps, the lowering in the shear zones is 10-30 m 
according to Budcl et al. (1982); so both expla- 
nations may account for about the same amount. 
Along the right glacier margin on the GEOSAT 
map, we also see several concentric lower spots 
(rather than one continuous trench) — not all of 
these are results of locally varying snagging effects 
— the largest one (at -7820.000 N/600.000 E) is 
Gillock Island - a high, not an overdeepening — 
and an island in the glacier, and Single Island (- 
7750.000 N/480.000 E) near the western margin. 

On the ERS-1 maps, the marginal surface lower- 
ing is observable, but not as pronounced as on the 
GEOSAT maps, which gives another indication of 
the size of the physical lowering versus the appar- 
ent lowering (physical plus snagging effect) — now 
the marginal lowering is closer to 30 meters (on the 
right side of the glacier and ice shelf). 

The mountain ranges to the west of Lambert 
Glacier are called (from north to south): Mt. 
Meredith (just south of 71° S), Fisher Massif, Mt. 
Collins, Mt. Willing, Shaw Massif (at «72°S). 
In the middle of Lambert Glacier at «72°S is 
Clemence Massif (a large nunatak massif) (note 
southern edge of our map is 72.1° S). The moun- 
tains are seen on the map of the Australia Division 
of National Mapping (1969). 

East of Mt. Meredith («35 km east) is a so-called 
ice doline (Mellor and McKinnon 1960; Mellor 
1960), a 5 km x 1.3 km meltwater lake. It is hy- 
pothesized that this meltwater lake may occasion- 
ally (over years or tens of years) drain through 
fractures into the seawater below, as in 1960 its 
surface was 80 m below the ice surface (field re- 
port), in 1973 (satellite image only) its surface was 
as high as the surrounding ice (after Swithinbank 
1988, p. B71). The assumption that there is sea- 
water below the ice doline coincides with our map- 
ping of the (100 m proxy of the) grounding line, 
which is indented to the south here. 

Significant differences between maps from differ- 
ent satellites — see also the time series including 
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the SEASAT map in chapter (E) — exist in the 
area of Beaver Lake on the western side of Lam- 
bert Glacier. There is a peninsula between Beaver 
Lake and Lambert Glacier, as seen in the SEASAT 
map and in the ERS-1 map, but in the GEO SAT 
ice record data sets, the peninsula is missing (due 
to data processing errors in the initial stages of 
correction at NASA GSFC). 

The Beaver Lake is an area of great geologic inter- 
est and has been studied intensively. Beaver Lake 
is an ice-covered freshwater sea lake, into which 
icebergs calve (Mellor and McKinnon 1960; cited 
after Swithinbank 1988). The Beaver Lake area 
is a valley rimmed by mountains ( Else Platform 
on the tip of the “peninsula” between Amery Ice 
Shelf and Beaver Lake; Loewe Massif on the op- 
posite side) . An arm of the ice shelf that is fed by 
Charybdis Glacier reaches into the Beaver Lake 
area. (Charybdis Glacier has been suspected to 
surge.) The term “freshwater sea lake” may re- 
quire some explanation. Beaver Lake is a 10 km x 
10 km stably stratified tidal lake, its lralocline is 
depressed by the addition of meltwater to the sur- 
face. The lralocline probably lies at the depth of 
the draft of the ice tongue that blocks the outlet 
to the sea. 

Sedimentary layers of the 800 m thick, uplifted 
Miocene and Pliocene strata of the Pagodroma 
Group in the northern Prince Charles Mountains 
(near Beaver Lake) provide evidence of a dynamic 
East Antarctic ice sheet during the Neogene. The 
Neogene Lambert Glacier appears to have had 
thermal and dynamic characteristics similar to 
those of some East Greenland ice streams nowa- 
days (Hambrey and McKelvey 2000a, b; McKelvey 
et al. 2001). Lambert Glacier advanced and re- 
treated several times in the geologic past. 

The ice masses of Charybdis Glacier are seen as an 
increase in the surface elevation of Amery Ice Shelf 
just north of Beaver Lake (Swithinbank 1988, fig. 
53, p. B70). Other inflowing glaciers on the north- 
ern side of Amery Ice Shelf are identifiable in the 
Atlas maps and match large inflowing glaciers in 
position, for which no names are given (in Swith- 
inbank 1988, fig. 54, p. B73). Ice velocity at the 
ice front is 1200 m a -1 . 

To the east of the Lambert Glacier graben is Maw- 
son Escarpment, a straight escarpment with el- 
evations rising to 1000 m. The escarpment step 
and the eastern side of the trough together form 



a 3000 m high wall. Northeast of Mawson Escarp- 
ment are the Grove Mountains (Hambrey 1991). 
A large ice stream and several smaller glaciers 
transcend Mawson Escarpment and join Lambert 
Glacier and Amery Ice Shelf. 

The even gradient of the floating ice shelf is well 
visible, as are the irregular nature of the ice front, 
the overdeepening along the western and eastern 
margins of the ice stream due to shear stress (ac- 
tual part) and to satellite snagging effect (appar- 
ent overdeepening, larger than in reality) . The in- 
flow of several glaciers from the west (near the 
front of Amery Ice Shelf) can be traced by the 
higher surface elevations on Amery Ice Shelf: 

(1) 50 m higher for 70-km-E-W Glacier (northern- 
most) at -7640.000 N 

(2) 40 m higher for 35-km-E-W Glacier at - 

7660.000 N 

(3) 40 m higher for 30-km-E-W Glacier at - 

7700.000 N 

(4) 30 m higher for 15-km-E-W Glacier 

(5) 40 m higher for 10-km-E-W Glacier 

(6) 40 m higher for (80-km-E-W) Charybdis 
Glacier at -7780.000 N, with large valley. 

In between these are rock promontories (mapped 
as eastward extensions of the 200 m contour). 
Rock promontories are distinguished from glacier 
inflows as follows: Inflowing glaciers have contours 
in steps of 10’s increasing from the elevation of the 
ice shelf, whereas rock promontories are seen in the 
200 m contour and have a crowding of the next 
lower contours. Some inflowing glaciers are also 
seen on a LANDSAT image (Swithinbank 1988, 
fig. 54, p. B73), where they are unnamed, as well 
as several promontories, including Foley Promon- 
tory and Ladan Promontory. The advantage of el- 
evation mapping is obvious in this area. The ex- 
tent of the inflowing glaciers cannot be seen on the 
LANDSAT images. 

A discussion of the flow units of the Lambert 
Glacier / Amery Ice Shelf system is given in the de- 
scription of the detail map Lambert Glacier (sec- 
tion (F.5)). 

Other main features that are visible in the Lam- 
bert Glacier map are sections of Mawson Coast to 
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the west of Amery Ice Shelf, with Cape Darnley 
and MacKenzie Bay, and Ingrid Christensen Coast 
to the east, with Prydz Bay and Polar Record 
Glacier. 

Mawson Coast is the coast of Mac Robertson Land 
between William Scoresby Bay (67° 24’S/59° 34’E) 
and Murray Monolith (67°47’S/66°54’E). 

Ingrid Christensen Coast lies north of American 
Highland and extends from Jennings Promontory 
(70° 10’S/72° 33’E), a rock promontory that marks 
the eastern limit of the Amery Ice Shelf, to the 
western end of the West Ice Shelf (at 81°24’E) 
(see map m81e73-89n67-721 Ingrid Christensen 
Coast). 

Offshore of Amery Ice Shelf there are errors on 
the GEOS AT map and not on the ERS-1 map, 



as is often the case. Mawson Coast appears to be 
more rugged than Ingrid Christensen Coast. At 
700.000 East it may be possible to identify Polar 
Record Glacier entering Prydz Bay. On the Maw- 
son Coast, Bjerkoe Peninsula and a small island 
offshore (NW of it) and MacKenzie Bay can be 
located. 

The differences between the mountainous areas 
with nunataks, steep ranges, and several side 
glaciers not individually portrayed here in the west 
and the gently rising inland ice in the east can 
clearly be distinguished. Indentation in three con- 
secutive contours (elevation difference 600 m) may 
be Scylla (at -7790.000 N) and Charybdis Glaciers 
(at -7820.000 N) on the western edge of Lambert 
Glacier. A good map of this area has been pro- 
duced from satellite images by the Australia Divi- 
sion of National Mapping (1969). 
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Ingrid Christensen Coast — GEOSAT GM DATA, 1985 — 86 
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Map m81e73-89n67-721 Ingrid Christensen Coast 



North of the American Highland lies Ingrid Chris- 
tensen Coast. The map extends from Prydz Bay 
at the western map edge along Ingrid Christensen 
Coast to Leopold and Astrid Coast (east of 81° E, 
500.000-700.000 E). 

Ingrid Christensen Coast extends from Jennings 
Promontory (70° 10’S/72° 33’E), a rock promon- 
tory that marks the eastern limit of the Amery 
Ice Shelf ', to the western end of the West Ice Shelf 
(at 81°24’E), visible in the NE part of the map. 
The coast was discovered and a landing made on 
Vestfold Hills in 1935 by Captain Mikkelsen of 
the Thorshavn, a vessel owned by the Norwegian 
whaling magnate Lars Christensen. The coast is 
named for Ingrid Christensen, the wife of Lars 



Christensen, who also participated in the whaling 
expeditions (Alberts 1995, p. 360). 

To the east of Ingrid Christensen Coast lies 
Leopold and Astrid Coast , which extends from 
the western extremity of West Ice Shelf (at 81° 
24’E) to Cape Penck (66°43’S/87°43’E). Cape 
Penck, an ice-covered point, also fronts West Ice 
Shelf, but in the east. This part of the coast, 
named for King Leopold and Queen Astrid of Bel- 
gium, was also discovered by the Lars Christensen 
Expedition. 

The inland ice rises almost uniformly from the 
coast. North of the coastline are several features: 
(1.) errors (west of 300.000 E in track form), (2.) 
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Ingrid Christensen Coast — ERS1 DATA, 1995 
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islands (Rauer Islands at 360.000 E), (3.) West Ice 
Shelf (40-70 m contours) located east of Barrier 
Bay (500.000 E) off Leopold and Astrid Coast. 
The most noticeable trough is that of S0rsdal 
Glacier extending about 80 km inland east of 
Rauer Island (380.000 E). On the ERS-1 map, 
there are no artefacts offshore, the trough of Po- 
lar Record Glacier is well distinguished, the lo- 
cation of Sprsdal Glacier is identifiable in com- 
parison with the GEOSAT map. Barrier Bay and 
West Ice Shelf are well mapped. The Rauer Islands 
are located southwest of Sprsdal Glacier, the land 
to the northeast of Sprsdal Glacier are the Vest- 
fold, Hills (see also fig. 50, p. B66 in Swithinbank 
1988), which is an ice- free area of low, hummocky 
hills up to 160 m high, with moraine- and lake- 
filled valleys, offshore islands, and fjord-like inlets 
(after Tierney 1975). The lakes are freshwater or 



saline lakes. Two long fjords reach all the way to 
the inland ice (Krok and Langnes Fjords). The 
land (ice) rises to over 3000 meters in the south- 
east of the map. The ice in the southern part of 
the map drains to the Lambert Glacier/ Amery 
Ice Shelf system. In the southwestern part of the 
map is American Highland, located east of the 
Lambert Glacier/ Amery Ice Shelf system (see also 
the description of map m69e61-77n67-721 Lam- 
bert Glacier, and the special Lambert Glacier map 
in detail map section (F.5)). 

There are several research stations located in the 
area: Davis Station (Australia), north of Sprsdal 
Glacier on the edge of the Vestfold Hills, and 
close to each other — Law (Australia), Zhang 
Shan (China), Progress (USSR), all east of Larse- 
mann Hills «(76°E, 69.5° S). 
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Wilkes Land e85- 1 0 1 n 67-72 1 - GEOSAT GM DATA, 1985-86 
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Map m93e85-101n67-721 Wilkes Land (e85-101n67-721) 



This map shows an area of Wilkes Land, East 
Antarctica, close to the coast ( Queen Mary Coast 
is shown on the northerly adjacent map, m93e85- 
101n63-68), with elevations of 800 m to above 
3200 m. The large scale feature is a ridge-line that 
runs northnortlreast across the whole map area, 
from the 3200 m contour down to the 800 m con- 
tour on the western side of the Denman Glacier 
valley (see description to Denman Glacier detail 
map (F.7)); the ridge line is a northerly exten- 
sion of the ice divide separating the Lambert 
Glacier Basin and the interior of Wilkes Land (in 



the upper elevations) and the Denman Glacier 
drainage (in the lower elevations). The slope in- 
creases from 200 m over 90 km (0.22% = 0.12°; 
3200 to 3000 m) gradually to 200 m over 20 km 
(1% = 0.57°; 1000 m to 800 m in the northwest 
corner of the map) . Steeper slopes are observed in 
the eastern margin of the Denman Glacier Valley, 
where mountain ranges exist (e.g. Mt. Strathcona, 
1380 m) as is seen in National Geographic Society 
(1992, p. 102) and also indicated by the rougher 
contour lines on our map. 
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Wilkes Land e85- 1 0 1 n 67-72 1 - ERS1 DATA, 1995 
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corrected, scale 1:5000000, 970729 
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Wilkes Land e97- 1 1 3n67-721 - GEOSAT GM DATA, 1985-86 
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Map ml05e97-113n67-721 Wilkes Land (e97-113n67-721) 



The map of the area e97-113n67-721 in Wilkes 
Land shows the eastern divide limiting the 
drainage basin of Denman Glacier, it curves 
around to the north center of the map. At a 
smaller scale, of course, some of the ice in this 
drainage flows down smaller glaciers, such as Scott 
Glacier and Apfel Glacier (see description of map 
ml05e97-113n63-68 Knox Coast). The divide ex- 
tends north, ending at the northernmost point of 
Knox Coast which in this location is rather steep. 
To the northeast of the divide, ice flows to the 
Vanderford Glacier drainage basin, and more lo- 



cally, to smaller glaciers entering Vincennes Bay, 
such as Adams Glacier, or Underwood Glacier 
which enter the sea west of Cape Nutt on Knox 
Coast. 

The surface gradient in the map area is about 
200 m in 20 km (1% = 0.57° ; near 800 m) on 
the Vincennes Bay side, 200 m in 40 km (0.5% 
= 0.29°; 1800 m-2000 m) on that side, and much 
lower, but variable, above 2200 m elevation. The 
contours indicate a rough area above 2200 m on 
the ERS-1 map as well as on the GEOSAT map. 
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Wilkes Land e97- 1 1 3n 67-72 1 - ERS1 DATA, 1995 




e97— 1 1 3n67-721 , WGS84, Gaussian variog., central mer. 105, 
slope corrected, scale 1:5000000, 970727 
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Wilkes Land e 1 09- 1 25n67-72 1 - GEOSAT GM DATA, 1985-86 
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Map mll7el09-125n67-721 Wilkes Land (e!09-125n67-721) 



This map shows Wilkes Land just south of Law 
Dome, Sabrina Coast and Banzare Coast. All of 
the near-coastal features are described for map 
mll7el09-125n63-68 Sabrina Coast. Wilkes Land 
rises steeply to about 800 m elevation (200 m 
in less than 20 km; steeper than 1% = 0.57°) 
and with a steadily lessening gradient to 2800 m 
(200 m in 100 km, 0.2% = 0.1° , 2600-2800 m). All 
contours are convex if “seen” from the coast, i.e. 
from the north. 



In the northwestern part of the map, the upper 
reaches of Vanderforcl Glacier are seen, which is 
the largest glacier in Vincennes Bay, located west 
of Law Dome and east of Knox Coast. The valley of 
Vanderford Glacier extends for 120 km southeast 
around Law Dome. (A detail map of Vanderford 
Glacier is given in section (F.8).) 
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Wilkes Land e 1 2 1 - 1 37n67-72 1 - GEOSAT GM DATA, 1985-86 
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Map ml29el21-137n67-721 Wilkes Land (e!21-137n67-721) 



This map contains several ice divides in northern 
Wilkes Land, East Antarctica, that mark the bor- 
ders of drainage basins at regional and continental 
scale. In the southern part of the map, a convex 
3000 m elevation contour is seen, and a shallow 
ridge extends from this, in the 2800, 2600, and 
2400 m contours. The ridge descends from Dome 
Charlie (map mll7e99-135n71-77 Dome Charlie), 
and above the 3000 m and 2800 m contours, it is 
part of an ice divide on the continental scale as it 
separates drainage to the Indian Ocean (N) sec- 
tor from drainage to the Ross Sea (E) (see map 
ml41el23-159n71-77 Southern Wilkes Land (el23 
to 159)). The noses in the 2400 m to 2800 m con- 



tours indicate the left branch of a regional ice di- 
vide (the right branch extends into Victoria Land 
and is seen on map ml41el23-159n71-77 and on 
map ml65el47-183n71-77 Victoria Land), ice to 
its west flows towards Banzare Coast and Clarie 
Coast, ice in the extension of the noses flows to- 
ward Adelie Coast, and ice to its east flows to- 
wards George V Coast (Fisher Bay, Mertz and 
Ninnis Glaciers) (see map ml41el33-149n67-721 
Wilkes Land el33-149n67-721). In the contours 
from 2200 m to 1200 m the topography of the 
upland immediately under the coast is captured; 
in the northwestern part of the map, the surface 
slopes down to the Banzare Coast. The extension 
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Wilkes Land e 1 2 1 - 1 37n 67-72 1 - ERS 1 DATA, 1995 
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of the convex part of the contours 1200 m and 
higher is North Highland (south of Cape Goode- 
nough). The concave area leads to Porpoise Bay, 
and in the 800 m and 1000 m contours we see sub- 
divisions into smaller basins, likely forming val- 
leys of outlet glaciers (see map ml29el21-137n67- 
721 Clarie Coast) . The concave area in the 1400-m 
contour (in the NE corner of the map) is upland 
of Davis Bay. 

In this region of East Antarctica, the topography 
bifurcates more as the coast is approached, and the 



ice reaches the coast in many small glaciers, rather 
than collecting in one large ice stream, as for in- 
stance, in the Lambert Glacier drainage basin. The 
map description has, so far, followed the ERS- 
1 map. The general topographic features are the 
same on the GEOSAT map, but the contours are 
much noisier on the GEOSAT map. The interior 
of the inland ice is smooth at this elevation and at 
this scale, hence the little circles on the GEOSAT 
map are attributed to noise. 
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Wilkes Land e 1 33- 1 49n67-72 1 - GEOSAT GM DATA, 1985-86 
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Map ml41el33-149n67-721 Wilkes Land (e!33-149n67-721) 



This map shows that part of Wilkes Land, that 
lies south of Adelie Coast (which itself is seen on 
the northerly adjacent map ml41el33-149n63-68 
Adelie Coast), of George V Coast (in part seen 
on the northerly adjacent map and in part on 
this map, and in part on the easterly adjacent 
map ml53el45-161n67-721 Cook Ice Shelf). The 
relationship of the ice topography to the general 
pattern of ice divides is described in the text for 
ml29el21-137n67-721 Wilkes Land el21-137n67- 
721 (westerly adjacent map). In brief, on a con- 
tinental scale, the ice descends from the north- 
west of a broad ridge feature coming down from 
Dome Charlie. The contours at the elevations be- 



low 2000 m are rougher than on other maps at 
this elevation, which may be indicative of surface 
topography. 

(On the other hand, a more differentiable vari- 
ogram model may be used to smooth out the con- 
tours in this area.) Existence of subglacial features 
may be concluded or rather hypothesized from 
surface-topographic maps, but for a proof radio- 
echo soundings, which penetrate the ice and reflect 
off subsurface features, are needed. Such surveys 
were carried out here. 

Around (70°S/136°E) is Astrolabe Subglacial 
Basin (south of Adelie Coast and east of Por- 
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Wilkes Land el 33- 1 49n67-721 - ERS 1 DATA, 1995 
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poise Subglacial Highlands (69°30’S/134°E)), the 
basin trends N-S and bears the distinction of 
containing the thickest ice measured in Antarc- 
tica, 4776 m thick. Bedrock here is 2341 m be- 
low sea level (National Geographic Society 1992, 
p. 102). Astrolabe was the flagship of the 1837-40 
French Antarctic Expedition led by J. Dumont 
d’Urville (Alberts 1995). Both subglacial features 
were mapped using airborne radio-echosoundings 
(by SPRI-NSI-TUD) (the Porpoise was a ship of 
the Wilkes Expedition 1838-42). 

On the coast, we see the drainage basins of Mertz 
Glacier and of Ninnis Glacier. 

Mertz Glacier is a heavily crevassed glacier that 
descends steeply from the highlands near the 
coast. Calculations of the slope of the Mertz 
Glacier drainage are given in section (F.10) from 



the detail map of Mertz Glacier. Mertz Glacier 
is about 70 km long and averages 32 km wide. 
The bays formed by Mertz Glacier Tongue and the 
western and eastern shores have different names: 
Buchanan Bay (67° 05’S/144°40’E) is the bay on 
the western side of Mertz Glacier Tongue, the 
headland is Cape de la Motte. Fisher Bay is the 
bay on the eastern side of the glacier tongue, with 
the headland Cape Hurley. 

Ninnis Glacier (center coordinate (68° 22’S/147° 
E), for area coordinates see detail map 11 Nin- 
nis Glacier, section (F.10)) is a large heavily hum- 
mocked and crevassed glacier in a bay about 80 km 
east of Mertz Glacier, it also descends steeply from 
the high interior in a broad valley. Ninnis Glacier 
is approximately half as long and wide as Mertz 
Glacier (from Ferrigno et al. (1996) and detail 
maps in section (F.10)). 
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Both Mertz and Ninnis Glaciers have glacier 
tongues, but they are in different states of ad- 
vance and retreat (see discussions of the dynamics 
of glacier tongues in the detail section (F.10)). 
Both glaciers were discovered by the Australian 
Antarctic Expedition 1911-1914, led by Douglas 
Mawson, and are named after the expedition mem- 
bers Xavier Mertz and B. Ninnis who lost their 



lives on a sledge journey eastward on 7 January 
1913 (Alberts 1995, p.487, p.527). 

The appearance of the coastline varies quite a bit 
between the GEOSAT and the ERS-1 map. The 
best maps are the GEOSAT detail maps (section 
(F.10)), which demonstrate that there is a lot more 
information in the data and in the DTMs of near- 
coastline areas than is seen in the Atlas maps. 
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Map ml53el45-161n67-721 Cook Ice Shelf 



This map covers the north coast of East Antarc- 
tica from Ninnis Glacier on George V Coast to 
Wilson Hills on Oates Coast, where the coastline 
takes a large-scale turn southwards towards Ren- 
nick Bay (on eastern Oates Coast) and Pennell 
Coast (the most easterly part of the north coast). 
Near the eastern margin of the map are the Us- 
arp Mountains, a long and narrow mountain range 
that trends north-south at 160° eastern latitude, 
from the coast to Welcome Mountain (2494 m) and 
Roberts Butte (2828 m). The inland ice south of 
the coast ascends to above 2000 m. 



George V Coast lies between Point Alden (66° 
48’S/142° 02’E) (on map ml41el33-109n63-68 
Adelie Coast) and Cape Hudson (68° 20’S/153° 
45’E). Cape Hudson is the head of Mawson Penin- 
sula and the eastern boundary point of Cook Ice 
Shelf; it was explored by members of the Aus- 
tralian Antarctic Expedition (1911-1914), led by 
D. Mawson, and named for King George V of 
England (Alberts 1995, p. 275). 

Ninnis Glacier, a large glacier in the northwest 
of the map, is described in the text of maps 
ml41el33-149n67-721 Wilkes Land, ml53el45- 
161n63-68 Ninnis Glacier Tongue (Ninnis Glacier 
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Cook Ice Shelf - ERS 1 DATA, 1995 
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has an interesting retreating glacier tongue), and 
of the detail maps Mertz and Ninnis Glaciers, 
section (F.10). Between Ninnis Glacier and Cook 
Ice Shelf are Buckley Bay, Cape Wild, Deakin 
Bay, and Cape Freshfield (National Geographic 
Society 1992, p. 102). Cook Ice Shelf is a large 
ice shelf, about 100 km east to west, bordered 
by Cape Freshfield on the west and Cape Hud- 
son on the east. Several small glaciers drain into 
Cook Ice Shelf. (The ice shelves do not show up 
as well in this part of Antarctica as they do in 
the Weddell Sea region, because the elevation of 
the geoicl relative to the ellipsoid is different and 
the same elevation contour scheme is used — see, 
for instance, the detail maps of this area, section 
(F.10).) From Cape Hudson, Oates Coast extends 
east to Cape Williams (70° 30’S/164° E). Cape 
Williams is the eastern headland of Lillie Glacier 



and an extension of the ANARE Mountains. West 
of Mawson Peninsula is the small Slava Ice Shelf. 

The eastern part of Oates Coast was discovered 
in February of 1911 by Harry Pennell, commander 
of the expedition ship Terra Nova of the British 
Antarctic Expedition 1910-1913, led by Robert 
Scott. Pennell named the coast after Lawrence 
Oates, who reached the South Pole with Robert 
Scott and three other companions, who all lost 
their lives during the return from the Pole in 1912. 
The story of Scott’s expedition to the South Pole 
is likely known to every reader from his 5th grade 
English book. 

The area around Mawson Peninsula was only de- 
lineated from air photos of the U.S. Navy Expe- 
dition Operation Higlrjump 1946-1947. The coast 
is heavily glaciated, and several smaller and larger 
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glaciers reach the sea in this stretch. Matusevich 
Glacier (center coordinates (69° 20’S/157° 27’E)) 
is a broad, 80 km long glacier with a prominent 
28 km long glacier tongue, it reaches the coast be- 
tween Lazareo Mountains and Wilson Hills. The 
glacier was named by the Soviet Antarctic Expedi- 
tion 1957 58 after N.N. Matusevich, hydrograplrer 
and geodesist (it was also named Pennell Glacier) . 
It was explored by this expedition, U.S. Operation 
Highjump 1946-47, and the ANARE expedition in 
1959 and 1962. 

Other named features on Oates Coast in the area 
of this map are (west to east, after National 



Geographic Society 1992, p. 102) Lauritzen Bay 
and Mt. Martyn at Matusevich Glacier, Archer 
Point, Davies Bay, Cape Kinsey, Tomilin Glacier 
coming out of Wilson Hills, the Russian Sta- 
tion Leningradskaya (no longer used), and Su- 
vorov Glacier (for the latter, see text to next 
map ml65el57-173n67-721 Pennell Coast). The 
National Geographic map features are sometimes 
a bit inexact, and no annotated satellite image is 
avaliable for this area. The area that drains to 
the east is described on the easterly adjacent map, 
ml65el57-173n67-721 Pennell Coast. 
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Pennell Coast - GEOSAT GM DATA, 1 985-S6 
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Map ml65el57-173n67-721 Pennell Coast 



This map shows the easternmost part of the north- 
ern coast of East Antarctica ( Oates Coast , Pen- 
nell Coast ) and the northernmost part of the Ross 
Sea coast ( Borchgrevink Coast) and part of the 
headland of Victoria Land formed by the Admi- 
ralty Mountains. All the land shown on this map 
is part of Victoria Land. The mountain ranges are 
the eastern end of the Trans antarctic Mountains, 
which extend from here across the Antarctic Con- 
tinent to the Slrackleton Range south of the Wed- 
dell Sea. 

Oates Coast extends to Cape Williams (on the 
eastern side of the Lillie Glacier terminus). Pen- 



nell Coast extends from there eastward to Cape 
Adare (71° 17’S/170° 14’E), the headland that sep- 
arates the north coast of East Antarctica from the 
west coast of the Ross Sea. Mt. Minto (4165 m) 
is located close to Cape Adare in the Admiralty 
Mountains. 

We notice that the contour lines on the GEOSAT 
map show much more topographic relief than 
those on the ERS-1 map. Since the region has 
high relief, the GEOSAT contours are probably 
more correct. However, a correct representation 
of mountainous terrain from satellite radar al- 
timeter data is not possible, the elevations are 
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Pennell Coast - ERS 1 DATA, 1995 
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generally too low and the topographic features 
smoothed out. Large glaciers (Rennick Glacier, 
Lillie Glacier) can still be studied to some extent 
and are represented in the detail maps, chapter 
(F). The mountain ranges in the western part of 
the map are the Usarp Mountains , named after the 
acronym of the United States Antarctic Research 
Program. 

North of the Usarp Mountains, and west of Wilson 
Hills and east of Rennick Glacier are several small 
glaciers, Noll Glacier near Leningradskaya, Fer- 
guson Glacier (no outlet glacier), Manna Glacier 
(no outlet glacier) and Suvorov Glacier; Noll and 
Suvorov Glaciers have small glacier tongues (as 
seen on satellite image fig. 43, p. B54 in Swithin- 
bank 1988) but the glaciers have no regional sig- 
nificance. 



Rennick Glacier is an important glacier with a 
large drainage valley that extends south between 
the Usarp Mountains in the west and the Bow- 
ers Mountains (2850 m) in the east. On the other 
side of the Bowers Mountains is Lillie Glacier. 
Both Rennick Glacier and Lillie Glacier have sev- 
eral subsidiary glaciers. Rennick Glacier is joined 
by Gressit Glacier, Canham Glacier, and Sledgers 
Glacier and a few smaller ones. (For Rennick 
Glacier, see figs. 42, 41, 40, for Lillie Glacier, see 
figs. 39, 40, Swithinbank 1988, p. B49-B53). 

Rennick Glacier is one of the largest glaciers of 
the world, it occupies an almost straight fault- 
controlled trench that can be followed for 370 km 
and is 20-30 km wide (Dow and Neall 1974). 
The trench is the basin of the large north-south 
trending valley that extends from the coast at 
(-7900.000 N/400.000 S) south (see also the 
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southerly adjacent map, ml65el47-183n71-77 Vic- 
toria Land. Rennick Glacier is the only major 
glacier that flows northward in the Transantarctic 
Mountains, north of Beadmore Glacier. 

Rennick Glacier is likely one of the slowest glaciers 
in the region, moving only 190 ma , as concluded 
from satellite imagery (Swithinbank 1988, p. B52). 
According to ground observations (Mayewski et 
al. 1979), the glacier once covered a larger area 
in the Transantarctic Mountains and is now in a 
state of retreat. More details on Rennick Glacier, 
including a discussion of the grounding line posi- 
tion, are given in the detail map (section (F. 11)). 
Glaciological surveys of the area inland of Rennick 
Glacier indicate that the glacier receives very lit- 
tle, if any, ice from the interior of the East Antarc- 
tic Ice Sheet, so it is not an outlet glacier, but may 
have been one in the past. 

Offshore and east of the floating tongue of Rennick 
Glacier is Znamenski Island (70° 14’S/161° 51’E), 
a high, nearly round (4 km long), ice-covered is- 
land. The island was charted by the Soviet Antarc- 
tic Expedition in 1958 and named after hydrog- 
rapher K.J. Znamenski, 1903-1941 (Alberts 1995, 
p. 833). 

The next important glacier in the area is Lillie 
Glacier, which terminates in Ob Bay. Lillie Glacier 
is not an outlet glacier of the Antarctic Ice Sheet, 
all its ice is local, from the main Lillie Glacier and 
tributaries in the Transantarctic Mountains. 

Lillie Glacier is likely the longest local glacier on 
Earth, it is 220 km long and 19 km wide below 
the confluence with Ebbe Glacier, a major tribu- 
tary 50 km from the coast (Swithinbank 1988, p. 
B57 and fig. 39) . Bering Glacier in Alaska is more 



than 200 km long, with Bagley Icefield, and de- 
pending on where one places the head of Bering 
Glacier, it is a contender for the world’s largest 
glacier as well. 

Between Lillie Glacier and Ebbe Glacier is the 
Everett Range, east of the northern part of Lillie 
Glacier are the ANARE Mountains. 

Graveson Glacier enters Lillie Glacier from the 
western, Bowers Mountains side. All the mountain 
ranges appear rugged and cut by deep, glaciated 
valleys on a LAND SAT 3 RBV image (Swithin- 
bank 1988, fig. 39, p. B49); the rugged mountain 
topography of Victoria Land also shows on the al- 
timetry maps. 

Lillie Glacier Tongue extends less than 10 km be- 
yond Cape Williams. The grounding line is not 
determined in Swithinbank (1988). 

Cape Adare marks the boundary to the Ross Sea. 
At this point, the first landing in Antarctica was 
made in 1895 by Borchgrevink, and the first over- 
wintering took place here in 1899. Only 75 years 
later another expedition came here and built the 
U.S./New Zealand Hallet Station (at Cape Hal- 
let), approximately 100 km east in the Interna- 
tional Geophysical Year 1957 -58. The area be- 
tween the capes and around Mt. Minto is also of 
high topographic relief and home of many local 
glaciers, flowing north to south and east to west! 
A larger glacier is Tucker Glacier (barely seen on 
this map), approximately 15 km wide and 100 km 
long (Swithinbank 1988, fig. 38). Tucker Glacier 
is also a local glacier. It appears to have a 60 km 
long floating tongue. Fast ice and pack ice fill en- 
largements of the coastline. 
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Antarctic Peninsula (Palmer Land) — GEOSAT GM DATA, 1985 — 86 
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Map m292e284-300n67-721 Antarctic Peninsula (Palmer Land) 



(Coordinates e28f-300 correspond to w76-60) 

This map shows Palmer Land , the southern half 
of the Antarctic Peninsula, and a bit of Graham 
Land, which is the northern half of the Peninsula, 
and (most of) Alexander Island. To the west of the 
Antarctic is the Bellingshausen Sea, to the east the 
Weddell Sea. 

This area of the Antarctic Peninsula is also — as 
Graham Land further north — mapped better by 
ERS-1 radar altimetry than by GEOSAT radar 
altimetry (see text to map m297e289-305n63-68 
Antarctic Peninsula (Graham Land)). A notable 



exception is that Alexander Island appears as two 
islands on the ERS-1 map, where the Douglas 
Range part is separated from the southern Le May 
Range part, which are connected on the GEOSAT 
map (and in reality). Alexander Island is separated 
from the mainland of the Antarctic Peninsula by 
George VI Sound , and, in the south, by George 
VI Ice Shelf. On its west side, Alexander Island 
is bounded by Wilkins Ice Shelf which also shows 
signs of disintegration, Charcot Island and Latady 
Island protect Wilkins Ice Shelf somewhat. 
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Antarctic Peninsula (Palmer Land) — ERS1 DATA, 1995 



-7500 b 



-7600 



-7700 



-7800 



-7900 b 




300 



400 500 600 

east (km UTM) 



700 



e284 — 300n67 — 721 , WGS84, Gaussian variog., central mer. 292, 
slope corrected, scale 1 :5000000, 970729 



5600 

5400 

5200 

5000 

4800 

4600 

4400 

4200 

4000 

3800 

3600 

3400 

3200 

3000 

2800 

2600 

2400 

2200 

2000 

1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

140 

130 

120 

110 

100 

90 

80 

70 

60 

50 

40 



The boundary between Graham Land in the north 
and Palmer Land in the south is marked by a 
line from Cape Jeremy located at (69°24’S/68° 
51’W), the northwestern tip of land (about (- 

7700.000 N/500.000 E)) south of Wordie Ice 
Shelf and the northeastern entrance to George VI 
Sound, to Cape Agassiz, located at (68°29’S/62° 
56’ W), tip of Hollick-Kenyon Peninsula, at (- 

7640.000 N/650.000 E). Graham Land is named 
after James Graham, First Lord of the Admiralty 
at the time of John Biscoe’s exploration of the 
west side of Graham Land in 1832. Palmer Land 
is named for Nathaniel Palmer, an American sealer 
who explored the Antarctic Peninsula area south 
of Deception Island in the Hero in November 1820. 

The western coastline of Graham Land (already 
described for map m297e289-305n63-68 Antarctic 
Peninsula (Graham Land)) is generally rugged and 



steep, with steep glaciers tumbling into the sea 
and several islands offshore. Parts of the coastline 
seen on this map are, from north to south, Gra- 
ham Coast (Cape Renard (65° 01’S/63°47’W)(N) 
to Cape Bellue (66° 18’S/65°53’W), north side 
of Darbel Bay), Loubet Coast (Cape Bellue (N) 
to Bourgeois Fjord (67° 40’S/67° 05’W), between 
Pourquoi Pas and Blaiklock Islands), and Fallieres 
Coast (Bourgeois Fjord (N) to Cape Jeremy (69° 
24’S/68° 51’W)). Cape Jeremy marks the bound- 
ary between Graham Land and Palmer Land, and 
also the north entrance of George VI Sound. The 
east coast of Graham Land is bounded by Larsen 
Ice Shelf, which extends from Jason Peninsula (at 
« 7360.000 S) to Palmer Land and Hearst Island 
(ss 7640.000 S) for 280 km N-S and about 200 km 
E-W. 
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Parts of the coastline on the eastern side of Gra- 
ham Land on this map are Oscar II Coast (Cape 
Fairweather (65 o 00’S/61 o 01’W) to Cape Alexan- 
der (66° 44’S/62° 37’W), head of Churchill Penin- 
sula, just south of Jason Peninsula in Larsen 
Ice Shelf, north of Cabinet Inlet), Foyn Coast 
(Cape Alexander (N) to Cape Northrop (67° 
24’S/65° 16’W, 1160 m), north of Whirlwind In- 
let; opposite Adelaide Island), and Bowman Coast 
(Cape Northrop (N) to Cape Agassiz (68° 29’S/62° 
56’W), tip of Hollick-Kenyon Peninsula at the 
south end of Larsen Peninsula) . 

Many glaciers drain into Larsen Ice Shelf. The 
satellite USGS Satellite Image Map (Ferrigno et al. 
1996, inset) marks inlet names rather than glacier 
names (Mill Inlet, Whirlwind Inlet, Seligman In- 
let, Solberg Inlet, Mobiloil Inlet). Some glacier 
names are given in Swithinbank (1988). Whereas 
“the backbone of the peninsula”, the landmass, 
is only 60 km wide in Graham Land, it is 200 km 
wide in Palmer Land. The interior of Palmer Land 
north of « 71.5° S is Dyer Plateau, north of 70° 
S is Wakefield Highland and, east of that, Eter- 
nity Range, inland of Wilkins Coast. Further south 
are the Welch Mountains (near 71°S/65° W), Bat- 
terbee Mountains (near 71.5°S/67°W on Rymill 
Coast) and Gutenko Mountains (near 72°S/65° 
W). Mt. Jackson (3050 m) on Black Coast appears 
to be the highest mountain of the Antarctic Penin- 
sula. 

Coastline sections on the east coast of Palmer 
Land are Wilkins Coast (Hollick-Kenyon Penin- 
sula, Cape Agassiz to Cape Boggs (70°33’S/61° 
23’W, headland of Eielson Peninsula, the south 
boundary of Smith Inlet with Clifford Glacier) 
with Hearst Island, a 60 km large ice-covered is- 
land offshore south of Larsen Ice Shelf, surrounded 
by shelf ice, Black Coast (Cape Boggs to Cape 
Mackintosh (72° 50’S/59° 54’W), the tip of Kemp 
Peninsula, Mason Inlet) . Large glaciers on Wilkins 
Coast are Bingham Glacier opposite Hearst Island, 
Anthony Glacier and Clifford Glacier, on Black 
Coast Gruening and Beaumont Glaciers, entering 
Hilton Inlet south of Cape Knowles. 

Western coasts of Palmer Land on this map are 
Rymill Coast, named for John Rymill, leader 
of the British Graham Land Expedition (1934- 
37), extending from Cape Jeremy to Buttress 
Nunataks (72°22’S/66°47’W), a group of coastal 
rock exposures up to 635 m high, 16 km WNW 
of the Seward Mountains, bordering George VI 



Sound and Ice Shelf, and English Coast, named 
after Robert English, captain of a ship of the 
Byrd Expedition 1933-35, extending from Se- 
ward Mountains to Spaatz Island, precisely from 
Buttress Nunataks to Rydberg Peninsula (73° 
10’S/79°45’W) between Fladerer Bay and Car- 
oll Inlet in Ellsworth Land (see map m285e267- 
303n71-77 Ellsworth Land), bordering George VI 
Ice Shelf. Glaciers on Rymill Coast are Chapman 
Glacier, Meiklejohn Glacier, Bertram Glacier, Ry- 
der Glacier, and Goodenough Glacier. 

George VI Sound is a major fault depression, 
500 km long in the shape of the letter J and 25- 
60 km wide, between Rymill Coast of the Antarc- 
tic Peninsula and English Coast of Ellsworth Land 
in the east and Alexander Island in the west. The 
sound is covered by ice, the George VI Ice Shelf, 
between Niznik Island, located about 50 km south 
of the sound’s entrance between Cape Jeremy and 
Cape Brown on Alexander Island, to Ronne En- 
trance at the southwestern end of the sound (ice 
coverage quoted after Alberts 1995(1), p. 274). 

George VI Ice Shelf flows in two directions, N and 
S/SW, from an ice divide with a 500 m thick- 
ness, ice thickness on the edges is «100 m (Swith- 
inbank 1988, p. B113 and fig. 86). Swithinbank 
(1968) observed several peculiarities in field work 
on George VI Ice Shelf: meltwater channels on 
top of the ice show that it flows across the sound 
rather than along it, and the meltwater channel 
direction does coincide with the direction of move- 
ment. Most of the input is from Millet, Bertram, 
and Ryder Glaciers on Palmer Land, which causes 
east to west flow across the sound, but Grotto and 
Uranus Glaciers on Alexander Island yield influx 
that causes flow in the opposite direction. Smaller 
glaciers do not cause west-eastern flow of ice shelf 
parts. The ice then discharges to the north and 
south of the sound. Despite the melt ponds on 
top, the balance on top is positive, and most mass 
losses are through bottom melting. Wind-blown 
dust from rock outcrops decreases the albedo on 
the ice shelf and increases ablation. Ice coverage in 
George VI Sound and Ice Shelf has changed dras- 
tically in recent years. 

A 1978 satellite image showing the many glaciers 
that drain into Marguerite Bay and Lallemand 
Fjord (the northernmost bay on the west coast of 
Graham Land on our map) is shown in Swithin- 
bank 1988, fig. 81, p. B110). The glaciers are valley 
glaciers, most of them end in fjords and/or calve 
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into the sea. Most of the bays are ice-covered (in 
December 1978; i.e. in mid-summer), but do not 
contain ice shelves. Miiller Ice Shelf is a small ice 
shelf, a few kilometers in diameter, in Lallemand 
Fjord (near 70° S) and the northernmost ice shelf 
on the west side of the Antarctic Peninsula. Jones 
Ice Shelf near 67°30’S is also a thin ice shelf, it is 
located between the north end of Bijourdau Fjord 
and Bourgeois Fjord north of Pourquois Pas Island 
in Marguerite Bay. 

At the southeastern end of Marguerite Bay is 
Wordie Ice Shelf which has become well-known 
as the example of ice-shelf break-up. 

Wordie Ice Shelf was punctuated by ice rises 
and ice rumples in 1979 (satellite image fig. 82, 
p. B112, Swithinbank 1988), and the whole ice 
shelf did not appear very well connected. Flem- 
ing Glacier is the largest glacier entering Wordie 
Ice Shelf, flowing from the east, it has a thickness 
of « 1000 m, and its flowlines can be traced eas- 
ily across Wordie Ice Shelf for « 50 km (1979), 
the thickness decreases to 150 m near the ice shelf 
edge. Seller Glacier and Airy Glacier enter north 
of Fleming Glacier, Seller Glacier appears to flow 
more strongly. Prospect Glacier and another small 
glacier enter south of Fleming Glacier. The ice 
mass of Fleming Glacier is bifurcated by Balfour 
Island. From the north, Harrot Glacier enters. The 
shelf ice edge receded in the southern part of the 
ice shelf between 1966 and 1974 about 25 km, and 
everywhere a few to ten kilometers between 1974 
and 1979. 

Swithinbank (1968) collected radio echosoundings 
in 1966, but horizontal brine penetration from 
fractures top to bottom of the ice shelf hindered 
soundings in the area that retreated later, how- 
ever, such horizontal brine penetration is an indi- 
cation of the disintegration of the ice shelf. Hence 
the ice shelf was showing signs of waning already 
in 1966, but the break-up and retreat occurred in 
1972 or 1973 (585 km 2 calved), a further 250 km 2 
calved between 1974 and 1979 (Doake 1982). Ac- 
cording to Thomas et al. (1979) longitudinal stress 
in an ice shelf should be compressive upstream of 



an ice rise, and hence disintegration was unlikely 
to happen before the ice rise disappeared. Such 
a situation — ice shelf upstream of ice rise - 
existed near Buffer Ice Rise in Wordie Ice Shelf. 
However, Wordie Ice Shelf had already retreated 
past several ice rises (contrary to the hypothe- 
sis of Thomas et al. (1979)). Possible reasons for 
thinning are accelerated bottom melting (Robin 
1979) or surface meltwater penetration (Hughes 
1982). Mercer (1978) already saw break-up of the 
Antarctic Peninsula ice shelves as a warning sign 
of C02-induced global warming which might lead 
to disintegration of the West Antarctic Ice Sheet. 
Buffer Ice Rise is only 3 km in diameter and so the 
conceptual borderline case between ice rise and 
ice rumple — most of the ice flows around the 
grounded area but some across it. 

One of the first occurrences of catastrophic disinte- 
gration of an Antarctic ice shelf was the break-up 
of Wordie Ice Shelf (Vaughan 1993). Meanwhile, 
Wilkins Ice Shelf and ice in George VI Sound have 
shown signs of disintegration. Larsen Ice Shelf (B) 
broke up in 2002. 

The northern edge of George VI Ice Shelf to the 
contrary, is mapped to have remained stable be- 
tween 1949 and 1974, according to Swithinbank 
(1988), but retreated in the 1930s and between 
1974 and 1979. On George VI Ice Shelf, tidal sea 
lakes exist — the ice flows towards land of Alexan- 
der Island, and shortly before the land it thins to 
nothing melting into a lake (a similar situation ex- 
ists in the Schirmacher Oasis) . George VI Ice Shelf 
has started to disintegrate, 5% of its area were af- 
fected by 2001 (Vaughan et al. 2001). 

In Wilkins Ice Shelf west of Alexander Island, 
there are two sea lakes in the ice shelf, a rare oc- 
currence and a sign that the ice shelf is at the 
climatic limit of existence. Wilkins Ice Shelf has 
also undergone major changes recently. 

On Alexander Island, there are several north-south 
trending mountain ranges, reaching 3000 m in the 
Douglas Range, with deep glacier-filled trenches to 
500-800 m below sea level. 
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(D.3) Latitude Row 71-77° S: Maps from ERS-1 Radar Altimeter Data 
Map m333e315-351n71-77 Riiser-Larsen Ice Shelf 



(Coordinates e315-351 correspond to wJ^5-9) 

This map shows a large section of the western 
coast of Queen Maud Land to the Weddell Sea 
(Caird Coast and Princess Martha Coast), which 
is bounded by the extensive Riiser-Larsen Ice 
Shelf, measuring 650 km along the coast, including 
Brunt Ice Shelf west of Stancomb- Wills Glacier. 
The section of the Riiser-Larsen Ice Shelf north- 
east of the Kraul Mountains is seen on the easterly 
adjacent map m357e339-15n71-77 New Schwaben- 
land, a small section (Seal Bay) just west of Cape 
Norvegia is mapped on ml5we23w-7wn67-721 Ek- 
strom Ice Shelf in the next northerly map row. 

Caird Coast is the continuation of Coats Land be- 
tween the terminus of the Stancomb-Wills Glacier 
(20° W) and the vicinity of Hayes Glacier (27° 
54’W). Caird Coast was sighted by Shackleton in 
1915 and named for the patron of his expedition 
(Alberts 1995). 

Princess Martha Coast extends from 5°E west- 
ward to the terminus of Stancomb-Wills Glacier at 
20° W. The name Princess Martha Coast was orig- 
inally given only to the section of coast near Cape 
Norvegia, which was discovered by Capt. Hjalmar 
Riiser-Larsen and charted from the air during that 
expedition in 1930. To the east of Princess Martha 
Coast lies Princess Astrid Coast, which extends 
from 5° E to 20° E and is named for Princess Astrid 
of Norway, this part of the coastline was discov- 
ered by Capt. H. Halvorsen of the ship Sevilla in 
March 1931. 

The coast is fairly mountainous. Several large 
glaciers extend into Riiser-Larsen Ice Shelf. The 
Kraul Mountains form the center of a peninsula in 
the northeast of the map, the Heimefront Range 
is at the eastern edge of the map (the higher land 
south of Veststraumen Glacier extends from the 
Heimefront Range). Heimefront range was orig- 
inally named Heimefrontfjella (norwegian). The 
Tottan Hills (center coordinate (75° 02’S/12° 25’ 
W)) are located south of Heimefront Range, inland 
and between Veststraumen Glacier and Stancomb- 
Wills Glacier (National Geographic Atlas map, 
National Geographic Society 1992, p. 102). Ac- 



cording to Alberts (1995), the Tottan Hills are a 
30 km large group of rocky hills, which form the 
southwestern part of Heimefront Range (for geol- 
ogy, see Tingey 1991). 

The section of ice shelf southwest of Stancomb- 
Wills Glacier, off Caird Coast, is the Brunt Ice 
Shelf (with the British overwintering station Hal- 
ley). The Brunt Ice Shelf in Halley Bay has an 
unusually high ice edge, which stands 60 m above 
the water. In Halley Bay is a polynia, a warm- 
water anomaly that permits landing a research 
vessel at the ice edge for a larger part of the year 
than in surrounding ice areas (observation by the 
author during the German Antarctic Expedition 
ANTARKTIS VI, 1987/88, with R/V Polarstern). 
For comparison, the ice edge in the Atka Bay is 
only 20-30 m high above the sea ice or the water. 

Several smaller glaciers drain into Riiser-Larsen 
Ice Shelf north of the Kraul Mountains, which is 
deduced from the fact that higher contour lines 
extend into the ice shelf. The two large glaciers 
in the area are Veststraumen Glacier south of the 
Kraul Mountains and north of Heimefront Range 
and Stancomb-Wills Glacier further south. The 
part “straumen” means ice stream, hence the word 
“glacier” in “Veststraumen Glacier” is superfluous 
(but a consequence of naming all Antarctic geo- 
graphic features in English) . The drainage basin of 
Veststraumen Glacier extends about 175 km east, 
however, it is likely that the glacier drains ice from 
above the Heimefront Range and Kirwan Escarp- 
ment. 

The drainage basin of Stancomb- Wills Glacier ex- 
tends at least to the 2200 m contour line (see 
description of m357e339-15n75-80 Western Queen 
Maud Land (North)) 250 km inland from its 
terminus. The general drainage basin extends 
about 500 km further east into Queen Maud 
Land (3200 m contour on map m357e339-15n75-80 
Queen Maud Land (North) and map m357e339- 
15n71-77 New Schwabenland) . Of course, obser- 
vations of ice flow would be needed to mark in 
particular the smaller ice divides clearly; here we 
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draw conclusions based on the principle that grav- 
itational flow generally follows the surface topog- 
raphy, which permits deduction of iceflow and lo- 
cation of drainage basins and ice divides from the 
morphology displayed in the elevation maps. 

Stancomb- Wills Glacier (see also detail map 2, 
section (F.2)) has a long tongue which extends 
230 km northwest (about 10 m above surround- 
ing areas on our map, 30 m in the areas close to 
the terminus). The ice tongue is 30 km wide near 
its end and up to 50 km wide in various places 
close to the coast. The glacier tongue contour is 
surrounded by another contour, which indicates 
that the ice surrounding the tongue is elevated. 
Further east is the Riiser-Larsen Ice Shelf with el- 
evations of over 60 m, in comparison, we conclude 
that the Stancomb-Wills Glacier Tongue extends 
into sea ice (and not into shelf ice) to the west 
of the Riiser-Larsen Ice Shelf. A comparison with 
satellite imagery will show that the ice area sur- 
rounding the glacier tongue consists of so-called 
“low ice shelf’, which is a thicker form of sea ice. 

The Stancomb-Wills Glacier Tongue was discov- 
ered already in January of 1915 by Shackleton 
(1919), who saw its seaward terminus as an ice- 
shelf promontory (Stancomb-Wills Promontory) 
(Swithinbank 1988, p. B97). The ice stream it- 
self was discovered much later, in 1957 by Sir 
Vivian Fuchs. Stancomb-Wills Glacier is the 
largest glacier between Jutulstraumen (m3wellw- 
5n67-721 Fimbul Ice Shelf) and Slessor Glacier 
(m333e315-351n78-815 Filchner Ice Shelf), ac- 
cording to McIntyre (after Swithinbank 1988), 
it drains 35.000 km 2 which is less than the area of 
the drainage basin as described here. 



Flowlines and crevasses of (part of) Stancomb- 
Wills Glacier are visible in an annotated LAND- 
SAT MSS image (from 1981) (Swithinbank 1988, 
fig. 73, p. B98). The glacier has a wide shear mar- 
gin to the slow-moving shelf ice of Riiser-Larsen 
Ice Shelf (to its northeast) and Brunt Ice Shelf 
(to its southwest). Noticeably, the centerline of 
the offshore part of the glacier has a smooth low 
for some part of its length reminiscent of the cen- 
ter of Jakobshavns Isbrae, a fast-moving ice stream 
in western Greenland (Mayer and Herzfeld 2001). 
The strain between the glacier tongue and the 
Brunt Ice Shelf is so large that it cannot be acco- 
modated by deformation anymore, consequently, 
large icebergs calve from the ice sheet at or near 
the grounding line and are pulled along by the fast- 
moving ice stream, which forces them into a coun- 
terclockwise rotation (Swithinbank 1988, p. B97). 
The gaps are filled by so-called “low” ice shelf 
(sea ice which grows thicker over time). To the 
contrary, slowly-moving ice shelves usually have a 
vertical stratification, they consist of a thinning 
wedge of ice of land origin overlain by a thicken- 
ing wedge of locally accumulated snow (and sea 
ice from to the bottom). 

Lyddan Island is an ice rise between Stancomb- 
Wills Glacier and Riiser-Larsen Ice Shelf, it ob- 
structs the westward flow of the ice shelf. Velocities 
of 1300 m a -1 on the right bank of the ice stream 
(Thomas 1973) and of 4000 m a -1 at the ice front 
(Orlreim 1982) have been reported; from these ob- 
servations and an estimate of 200 m ice thickness, 
Swithinbank (1988) estimates an ice discharge of 
40 km 3 a -1 . 
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Map m357e339-15n71-77 New Schwabenland 



New Schwabenland is an extensive mountain- 
ous area in northwestern Queen Maud Laud (ss 
800 km E to W). New Schwabenland, originally 
called Neuschwabenland, was first discovered by 
the German Antarctic Expedition 1938-39, led 
by A. Ritscher. The map gives a good impression 
of the topographic regions — the ice of central 
Queen Maud Land slopes down towards the north- 
ern coast (Atlantic sector of the circum- Antarctic 
ocean) and the western coast (Weddell Sea). 

Queen Maud Land was originally called Dronning 
Maud Land after the Queen of Norway by the 
Norwegian Antarctic Expedition, led by Hjalmar 
Riiser-Larsen in 1930. Queen Maud Land extends 
from the terminus of Stancomb-Wills Glacier (20° 
W; see map m333e315-351n71-77 Riiser-Larsen Ice 
Shelf) to Shinnan Glacier (44°38’E) on Prince 
Olav Coast between Shirase Glacier and Rayner 
Glacier (see map m45e37-53n67-721 Prince Olav 
Coast). A southerly limit of this vast area is not 
explicitly given, nor are there other place names, 
so we use the name Queen Maud Land throughout 
81.5°S. 

In the higher elevation parts (3400-3000 m) the 
slope is very gentle (ss 200 m in 100-150 km), be- 
low 2800 m the regional topographic features start 
to dominate. The upper drainage basin of Jutul- 
straumen Glacier is one of the largest features, it 
extends 300 km from the terminus of Jutulstrau- 
men Glacier directly south (to the 2800 m con- 
tour), near the 1800 m contour the main trough is 
joined by Penck Trough from the southwest. Ju- 
tulstraumen is the largest outlet glacier between 
15° E and 20° W, draining an area of 124.000 km 2 
(Swithinbank 1988, p. B92). 

The nunatak area between Penck Trough and the 
main, southerly trough is called Neumayer Cliffs, 
it is part of the Kirwan Escarpment. The use of 
the name ” Jutulstraumen” for the upper reaches 
varies from map to map. In the USGS Satellite 
Image Map (Ferrigno et al. 1996) and in Swith- 
inbank (1988, p. B94, fig. 69), Jutulstraumen fol- 
lows the southerly-easterly branch and is joined 
by ice from the more westerly Penck Trough; 
west of Borg Massif is Schytt Glacier, named af- 
ter Swedish glaciologist Valter Schytt. In the text 
(Swithinbank 1988, p. B93), however, it is said 
that the main branch of Jutulstraumen Glacier 



flows through Penck Trough and then follows a 
northerly trough, aucl is joined by an ice stream 
that flows in from east of the Neumayer Cliffs. 
We suggest to use ’’Western Upper Jutulstrau- 
men Glacier” for the branch in Penck Trough and 
’’Eastern Upper Jutulstraumen Glacier” for the 
branch that comes in from the east (see also fig. 70 
in Swithinbank 1988). 

Jutulstraumen Glacier has been studied exten- 
sively, several references are given in Swithinbank 
(1988), e.g. Orlreim (1979). The geology and grav- 
ity field of the Jutulstraumen area have been 
described by Decleir and van Autenboer (1982). 
The bottom of Penck Trough reaches a few hun- 
dred meters below sea level. Ice velocities have 
been measured at 390 ma -1 at 72° 15’S (discharge 
12.5 km 3 a -1 at 72°15’S), and 1000 ma -1 at the 
ice front. In 1967, a 53x104 km ice tongue calved 
off, caused by another large iceberg floating by and 
impacting the front of Jutulstraumen Glacier. 

The Kirwan Escarpment (see Helferich and Klein- 
schmidt 1998) is the prominent escarpment that 
runs in a really straight line SW to NE for 350 km 
in extension from the Heimefront Range (Heime- 
frontfjella) at point (260.000 E/-8320.000 N) to 
point (530.000 E/-8120.000 N) near the junction 
of Penck Trough and the southerly trough lead- 
ing to Jutulstraumen Glacier. The Kirwan Escarp- 
ment is marked by a steep step descending from 
2800 m to almost 2000 m. The escarpment appears 
to continue, at least morphologically, northeast of 
Jutulstraumen Glacier for another 120 km (but 
step only 2400 m to 2000 m). Further east are the 
Sverdrup Mountains and the Gielsvik Mountains, 
which run N-S on the National Geographic Atlas 
map (National Geographic Society 1992, p. 102) 
and are parts of the Muhlig-Hofmann Mountains. 
On the satellite image map (annotated NOAA 7 
AVHRR mosaic of Queen Maud Land, produced 
by If AG (1982) and reproduced in Swithinbank 
(1988, p. B93, fig. 68); AVHRR - advanced very 
high resolution radiometer; IfAG - Institut fiir 
Angewandte Geodasie) the escarpment also ap- 
pears to continue northeast of the southern branch 
of Jutulstraumen Glacier and further into the 
Muhlig-Hofmann Mountains. 

Only part of the escarpment is actually called 
Kirwan Escarpment. North of Kirwan Escarp- 
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ment (where labeled on the map) and west of 
Jutulstraumen Glacier, the Ritscher Upland ex- 
tends northwards, the mountains immediately 
west of Jutulstraumen Glacier include Borg Mas- 
sif (2157 m), Mt. Hallgren (2337 m), and other 
mountains of 2546 m and 2579 m. 

The Heimefront Range is about 80 km southwest 
of the Kirwan Escarpment and about 100 km long, 
it consists of three mountain groups (including 
Kottas Berge) and was discovered by air by the 
Norwegian-British-Swedish Antarctic Expedition 
in 1952. The Heimefront Range has exposed rocky 
escarpment steps of 400 m elevation difference. 

Notably, Heimefrontfjella contains the “famous” 
Scharffenbergbotnen, the first glacier whose ice 
surface, ice thickness and bottom topography were 
mapped using geostatistics during the German 
Antarctic Expedition ANTARKTIS VI 1987/88, 
from radio-echosounding data collected under the 
(Swedish) SWEDARP program (Herzfeld and 
Holmlund 1988, 1990). The Swedish SWEA sta- 



tion was built in the Heimefrontfjella. Scharffen- 
bergbotnen is an interesting glacier in that it has 
an inflow that opposes its main flow direction. 

Coastward of the Heimefront Range and Ritscher 
Upland , the ice descends with a steeper slope to- 
wards the Princess Martha Coast and the exten- 
sive Riiser-Larsen Ice Shelf (described on map 
m333e315-351n71-77 Riiser-Larsen Ice Shelf). The 
ice northwest of Ritscher Upland drains to Ek- 
strom Ice Shelf (convex 600 m contour), separated 
by Cape Norvegia (extension of the northwestern- 
most land on this map) from the Riiser-Larsen Ice 
Shelf (between Ekstrom Ice Shelf and Cape Norve- 
gia in the small Quar Ice Shelf). 

The Kraul Mountains are located close to the 
coast. Veststraumen Glacier (notice that “strau- 
men” already means “ice stream” ) occupies a large 
trough that extends E-W about 100 km from 
Heimefront Range to Princess Martha Coast south 
of the Kraul Mountains. 
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Map m21e3-39n71-77 Spr Rondane Mountains 



This map shows the Wohlthat Mountains and the 
S0r Rondane Mountains of Northeastern Queen 
Maud Land. The Spr Rondane Mountains are 
about 160 km east to west, which is their largest 
extension, and direct the flow of the inland ice to 
the east and west, creating an unusually steep 
slope to the north towards Princess Ragnhild 
Coast (see map m21el3-29n67-721 Erskine Ice- 
port). The Wohlthat Mountains are in a range 
with the Petermann Ranges , Weyprecht Moun- 
tains, Payer Mountains, Humboldt Mountains, 
Drygalski Mountains, Conrad Mountains, Kune 
Mountains, Filchner Mountains (south of Princess 
Astrid Coast), which continue into the Miihlig- 
Hofmann Mountains (Luz Range, Gablenz Range, 
Gielsvik Mountains, Sverdrup Mountains) south 
of Fimbul Ice Shelf (to 0°E/W). 

The Spr Rondane Mountains, a 150 km long moun- 
tain range, have been studied extensively since the 
time of the Norwegian Antarctic Expedition 1930- 
31. The Spr Rondane Mountains are named af- 
ter the Rondane Mountains in Norway. The high- 
est peak is Isachsen Mountain (72° ll’S/26° 15’E), 
with 3425 m, named after Gunnar Isachsen, leader 
with Hjalmar Riiser-Larsen of the 1930-31 Nor- 
wegian expedition. Both the Wohlthat Mountains 
and the Spr Rondane Mountains have been the ob- 
jective of several Antarctic expeditions, and have 
been studied for their role in the geologic his- 
tory of the Gondwanaland breakup, the former 
large continent in the southern hemisphere (parts 
of Africa, South America, Antarctica, Australia, 
and other landmasses) (Kleinschmidt et al. 1995, 
Kleinschmidt and Buggisch 1993, Buggisch and 
Kleinschmidt 1999). The Weddell Sea opened 70 
million years ago. 

The Japanese Asuka Station is located in the 
northern Spr Rondane Mountains near Mt. Rom- 
naes (1500 m). 

To the south and southeast, the land of Queen 
Maud Land increases to above 3600 m. The gra- 
dient lessens considerably above 3200 m elevation 



(200 m in over 100 km) as opposed to 200 m in 
50 km (3200-3000 m) and 200 m in 25 km (3000- 
2400 m) in the area between the Spr Rondanes 
and the Wohlthat Mountains and even steeper to- 
wards the coast (1000 m in 75 km, corresponding 
to 0.76°), north of the Spr Rondane Mountains. 

Named glaciers in the Spr Rondane Mountains are 
Byrdbreen, Mjell Glacier, Gjel Glacier, Gunnes- 
tad Glacier, which together discharge only 0.65 
km 3 a -1 (after Swithinbank 1988, p. B83; Van Aut- 
enboer and Decleir 1978). Surface velocities are 
less than 40 ma _1 and ice thicknesses of valley 
glaciers are 1000-1500m. Field expeditions have 
found small dry valleys that were ice-filled at ear- 
lier times, and other signs of strong lowering of the 
ice surface. The glacial level was several hundred 
meters above today’s ice level. 

No melting occurred (it is too cold there) but the 
ice was wasted by sublimation. Bare ice areas are 
visible in satellite images (1973, 1976). Precipita- 
tion in this area is very low, and snow accumula- 
tion, if any, occurs mostly by redistribution caused 
by strong winds. This fact makes observations of 
precipitation and accumulation in Antarctica very 
difficult to observe, but precipitation is an impor- 
tant variable needed to understand climate and 
glacier changes. (A satellite image of the Spr Ron- 
dane Mountains is given in Swithinbank (1988, fig. 
61, p. B81).) 

The Wohlthat and Orvin Mountains further west, 
also shown on a satellite image (Swithinbank 1988, 
fig. 62, p. B85), deflect the flow of the inland 
ice to the east and west, but have many glaciers 
that transect them (e.g. Humboldt Glacier, Somov 
Glacier, Glop Glacier, Sand Glacier). This area 
has been studied since the German Antarctic Ex- 
pedition led by Ritscher. As in the Spr Rondane 
Mountains, dry valleys are found here, and signs of 
downwasting of several hundred meters of ice from 
the former to the present glacial level (Hermiclren 
et al. 1985). 
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Map m45e27-63n71-77 Belgica Mountains 



This map covers the area of eastern Queen Maud 
Land between Lambert Glacier to the east, En- 
derby Land , Prince Olav Coast , Riiser-Larsen 
Peninsula and the eastern part of Princess Ragn- 
hild Coast to the north, and southern parts of 
Queen Maud Land to the south. Notably, the 
coast and coastal area of Enderby Land between 
Slrinnan Glacier at 44° 38’E and William Scoresby 
Bay 59° 34’E does not have a special name (Al- 
berts 1995, p. 221). 

The topography here is fairly simple — in the 
northwestern part of the map are the Belgica 
Mountains , the elevation rises towards the south- 
southeast (from 2200 m to above 3600 m), to- 
wards Valkyrie Dome (77° 30’S/37° 30’E)(see map 
m45e27-63n75-80 Valkyrie Dome, to the south of 
this map). In the eastern part of the map, the 
surface slopes down towards the Lambert Glacier 



system. The divide between the interior of Queen 
Maud Land and the Lambert Glacier drainage 
basin is clearly determined and dominant in this 
map sheet. 

The Belgica Mountains are an isolated, about 
15 km long chain of mountains located southerly 
of and, in an east-westerly direction, between the 
S0r Rondane Mountains about 100 km to the 
west (see m21e3-39n71-77 Spr Rondane Moun- 
tains) and the Queen Fabiola Mountains in the 
east (see m33e25-41n67-721 Riiser-Larsen Penin- 
sula). The highest point in the Belgica Mountains 
is Mt. Victor (2588 m). The mountain range was 
discovered by the Belgian Antarctic Expedition in 
1957-58 under G. de Gerlaclre and named after the 
ship Belgica, commanded by his father, A. de Ger- 
lache, leader of the 1897 -99 Belgian Antarctic Ex- 
pedition (Alberts 1995, p. 56). 
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Map m69e51-87n71-77 Upper Lambert Glacier 



Upper Lambert Glacier is, of course, only visi- 
ble on the ERS-1 map because of its southerly 
location. This map is the southern continuation 
of map m69e61-77n67-721 Lambert Glacier (and 
maps E and W of it). The most prominent feature 
is the evenness of the Lambert Glacier drainage 
basin, with U-shaped contour lines of almost equal 
spacing continuing throughout this map (and be- 
yond, see map m69e51-87n75-80 South of Lambert 
Glacier, as the drainage basin of Lambert Glacier 
is much larger) . The spacing of the contour lines is 
narrower in the western side of Lambert Glacier, in 
the area of the rugged Prince Charles Mountains, 
than in the eastern, American Highland, area, 
where the land is less rugged and less steep. (Up- 
per) Lambert Glacier is formed by the confluence 
of (upper) Lambert. Glacier (proper) and Mellor 
Glacier. Lambert Glacier comes in from directly 
near Mawson Escarpment and has traceable flow- 
lines (on LANDSAT images) for about 100 km far- 
ther upstream from Mawson Escarpment; Mellor 
Glacier flows approximately 20 km farther west, 
between Mellor and Lambert Glaciers lie (from N 
to S) Cumpston Massif, ML Maguire, the Blake 



Nunataks, and Wilson Bluff- ice of (upper) Lam- 
bert Glacier and Mellor Glacier appears to also 
flow around Mt. Twigg and Mt. Borland; all these 
are nunataks which stick out of the flowing ice 
(Swithinbank 1988). The distinction between Mel- 
lor Glacier and Lambert Glacier ice does not seem 
to be unambiguous — on the USGS Satellite Im- 
age Map of Antarctica (Ferrigno et al. 1996), all 
the ice described here is only Lambert Glacier, 
whereas the name “Mellor Glacier” is attributed 
to a smaller and subordinate glacier coming in 
from farther west. So, the main stream of flow 
into Lambert Glacier is actually termed Lambert 
Glacier, which makes the most sense. The third 
branch that joins Mellor Glacier and upper Lam- 
bert Glacier to form the main trunk of Lambert 
Glacier is Fisher Glacier. It is about as wide as 
Mellor Glacier and upper Lambert Glacier and 
flows in from the west. Fisher Glacier has been 
hypothesized to surge (see discussion in section 
(E.7)). 

Meltwater lakes have been reported near Cump- 
ston Massif, upper Lambert Glacier. 
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Map m93e75-llln71-77 American Highland 



The dominant feature on this map is a broad 
ridge, with elevations of 3200 m to above 3600 m; 
this constitutes the divide between the Lambert 
Glacier drainage on its western side and the Den- 
man Glacier drainage on its eastern side. Whereas 
on the western side, ice clearly drains to the Lam- 
bert Glacier/ Amery Ice Shelf system, ice on the 
eastern side reaches glaciers on the coast of Wilkes 
Land. American Highland appears as an area of 
rough surface ice or snow with features of 3-5 kilo- 
meters characteristic spacing, possibly induced by 
subglacial mountains or changes in surface slope. 



These features have a larger characteristic spac- 
ing and are offset at shorter distances than the 
so-called “megadunes” described by Swithinbank 
(1988) for an area in map 117e99-135n75-80 East 
Antarctica (Vostok), but they could also have 
causes of subglacial morphology, surface morphol- 
ogy, or snow albedo changes. 

The Grove Mountains are a group of nunataks 
near (72°45’S/75° E), scattered over an area of 
60 km by 30 km; close by (to the east) is the Gala 
Escarpment. Otherwise the surface of American 
Highland consists of snow and ice. 




American Highland — ERS— 1 DATA, 1995 
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Map mll7e99-135n71-77 Dome Charlie 



The ice on the northern and central part of this 
map, which shows part of Wilkes Land, drains 
northwest towards Denman Glacier, and more 
generally, Queen Mary Coast and Knox Coast. The 
ice below the concave part of the 2800 m and 
3000 m contour lines in the NW corner of the 
map appears to flow towards the Denman Glacier 
Basin, which we deduce from comparison with the 
northerly and westerly adjacent maps. 

Dome Charlie (center coordinates (75° S/125° E)) 
is a morphologic feature of less than 200 m ele- 
vation difference to the surrounding area (about 
100 m above the connecting ’’ridge” to the south- 
west, judging from the general slope in its neigh- 
bourhood). A subtle ice divide extends northeast 



from Dome Charlie. The ice dome was termed 
“Dome C” or “Dome Charlie” (Charlie is the com- 
munication code word for the letter c) or “Dome 
Circe”, and “Dome Charlie” became the official 
name. Dome Charlie was the site of ice core drilling 
by several nations in the 1970’s. The U.S. Naval 
Support Force suffered damage to three LC-130 
Hercules aircraft during attempted takeoff from 
Dome Charlie, which were later repaired and flown 
out (Alberts 1995, p. 130). 

It may be worth noting that the elevation (less 
than 3200 m) reported elsewhere, likely by field 
teams (Alberts 1995, p. 130), coincides with the 
elevation mapped by altimetery, at this level of 
accuracy. 




Dome Charlie — ERS— 1 DATA, 1995 
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Map ml41el23-159n71-77 Southern Wilkes Land (e!23-159) 



Map ml41el23-159n71-77 Southern Wilkes Land 
(el23-159) shows that part of Wilkes Land that 
reaches from near Dome Charlie to Victoria Land. 
Dome Charlie is recognized by the small patch of 
dark gray above the 3200 m contour (near the la- 
bel -8400 on the left map margin), Dome Char- 
lie is an ice dome rising to above 3100 m (see 
map mll7e99-135n71-77 Dome Charlie, the west- 
erly adjacent map). With a very low gradient (low- 
est in the range 2400-2600 m, 200 m in 200 km; 
0.1% = 0.057° gradient) the ice surface descends 
form the interior to the large mountainous head- 
lands of Victoria Land which separate the circum- 
Antarctic oceans from the Ross Sea to the east. 
Below 2200 m elevation, the gradient to the east 
steepens significantly (to 200 m in 40 km; 0.5% 
= 0.29°), leading towards Terra Nova Bay and 
Scott Coast (see maps ml65el47-183n71-77 Vic- 



toria Land, ml53el45-161n67-721 Cook Ice Shelf, 
ml65el57-173n67-721 Pennell Coast). 

Centered at (73°S/158°E) is Talos Dome, a large 
ice dome that rises to 2262 m southwest of the Us- 
arp Mountains. In our map, this is in the area of 
the white nose between 2200 m and 2400 m. Ice 
thickeness at Talos Dome is 2476 m. The dome 
overlies the eastern margin of Wilkes Subglacial 
Basin. (Talos Dome is named after Talos in the 
Greek mythology who assisted Minos in the de- 
fense of Crete (Alberts 1995, p. 732).) 

Wilkes Subglacial Basin is a large subglacial basin 
situated generally south of George V Coast and 
westward of Prince Albert Mountains, centered 
at (75°S/145°E), it was mapped by U.S. seismic 
groups in 1958-1960 (Alberts 1995, p. 813). 
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Map ml65el47-183n71-77 Victoria Land 



This map shows Victoria Land and its east coast, 
south of Cape Adare (71° 17’S/170° 14’E). Cape 
Adare is the north tip of Adare Peninsula, it is 
formed of black basalt and, as such, in contrast 
to the surrounding snow and ice covered sea and 
coast. The cape was discovered in 1841 by Cap- 
tain James Ross and the site of the first landing 
in 1895 by Borchgrevink (see description of map 
ml65el57-173n67-721 Pennell Coast). Other than 
the coast of Wilkes Land, the coast of Victoria 
Land has been an area of intensive exploration by 
many research expeditions. 

The light area above the 2200 m contour enhances 
the location of the ice divide between the Ross Sea 
to the east and the circum- Ant arctic ocean to the 
north, this divide branches off at 2200 m, an exten- 
sion leads towards Cape Adare - of course locally, 
only some glaciers transcend the Transantarctic 
Mountains and so are outlet glaciers of the Antarc- 
tic inland ice, while many others are of local origin 
in the mountains. 

Talos Dome is centered at (73° S/158° E), about in 
the bifurcation part of the contour lines, this large 
ice dome rises to an elevation of 2262 m (see also 
map ml41el23-159n71-77 Southern Wilkes Land 
(el23-159)). At the scale of 1:5.000.000, the area to 
the east of the 2200 m contour appears as a large, 
shallow bowl, centered around the bay of David 
Glacier on Scott Coast. There are coastal moun- 
tain ranges in its south and north. The north- 
south trending valley descending to below 1000 m 
in the north of the map at 450.000 E is the val- 
ley of Rennick Glacier (see description of map 
ml65el57-173n67-721 Pennell Coast), to the west 
of this is the southern part of the Usarp Moun- 
tains. 

Borchgrevink Coast , named after Carstens E. 
Borchgrevink who landed on Cape Adare in 1895 
and was the first overwinterer in Antarctica (1898- 
1900) as leader of the British Antarctic Expedi- 
tion (1898-1900), extends from Cape Adare to 
Cape Washington (74° 39’S/165° 25’E); the latter 
is a 275 m high cape below Mt. Melbourne at the 
southern end of the peninsula that separates Wood 
Bay and Terra Nova Bay (named for Capt. Wash- 
ington, secretary of the Royal Geographic Soci- 
ety 1836-1840). Scott Coast , named after British 
Antarctic Explorer Robert Scott, lies to the south 



of Borchgrevink Coast, between Cape Washington 
and Minna Bluff (78° 31’S/166° 25’E), a narrow, 
bold peninsula, 40 km long and 25 km wide, that 
projects from Mt. Discovery into Ross Ice Shelf 
(on map ml65el47-183n75-80 Scott Coast). 

The mountain ranges and some of the glaciers of 
Victoria Land inland of Borchgrevink Coast are 
Mt. Sabine (3720 m) directly above Cape Adare 
and Mt. Minto (4165 m) further east, the Ad- 
miralty Mountains, further inland is Mt. Aorangi 
(3135 m), south of the Admiralty Mountains is 
Tucker Glacier, flowing southeast to east. Tucker 
Glacier is an about 15 km wide and 170 km long 
local glacier (i.e. not an outlet glacier), it has a 
60 km long floating tongue (Swithinbank 1988, fig. 
38, p. B48) and ends in Tucker Inlet. 

South of Tucker Glacier are the Victory Mountains 
with Mt. Riddolls (3295 m), Mt. Northampton 
(2467 m) and Mt. Brewster (2027 m). South of the 
Victory Mountains is Mariner Glacier, it descends 
from the Evans Neve, a glaciated high plateau east 
of upper Rennick Glacier and northwest of Mt. Su- 
pernal (3655 m) to the coast, Mariner Glacier has 
a tongue and flows through a small ice shelf. 

To the east of the ice shelf is Mt. Murchison 
(3600 m), and further south Aviator Glacier 
(140 km long and 5-10 km wide), which takes a 
turn to the east and then has a long ice tongue in 
Wood Bay. The ice tongues of Mariner Glacier and 
Aviator Glacier are likely the ones on our map, as 
they are the longest tongues. Even further south 
is Mt. Melbourne (2730 m), a prominent mountain 
near the coast (a stratovolcano with hot ground 
near its summit), south of it Campbell Glacier 
(140 km long, 9-10 km wide; already on Scott 
Coast, as Mt. Melbourne is above Cape Washing- 
ton, the southern limit of Borchgrevink Coast). 
Between this glacier and Terra Nova Bay are the 
German Gondwana Station and the Italian Terra 
Nova Station (both summer stations). 

In the area near Mt. Melbourne every glacier 
that reaches the coast extends into the sea as a 
glacier tongue (as seen on the LANDSAT image 
of the area, Swithinbank 1988, fig. 37, p. B46). 
The floating tongues tend to hold the fast ice in 
place until late in the summer and sometimes all 
year. Campbell Glacier is a local glacier, its val- 
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ley is discernable trending in the direction of the 
peninsula with Mt. Melbourne. The next valley 
south of Campbell Glacier is occupied by Priest- 
ley Glacier, which shows distinct flowlines on a 
satellite image and may be moving faster. Priest- 
ley Glacier turns south, following a turn in the 
mountain valley, flows through Nansen Ice Sheet 
and terminates near Inexpressible Island. Reeves 
Glacier is a shorter glacier entering Nansen Ice 
Sheet. Priestley and Reeves Glaciers are both out- 
let glaciers of the East Antarctic Plateau, all other 
glaciers in the area are local. Sublimation due to 
dry, warmer wind coming from the plateau may 
explain why extensive ablation areas are confined 
to the two outlet glaciers (Swithinbank 1988, p. 
B45). In Terra Nova Bay is a polynia (an open wa- 
ter anomaly), whose existence is also attributed 
to the relatively warm katabatic winds coming 
down Reeves Glacier. Reeves Glacier has signifi- 
cant characteristic shear patterns on its floating 
tongue, which flows around a rock obstacle, while 
Priestley Glacier shows only flowlines. 

The mountains inland of Scott Coast are all the 
Prince Albert Mountains, they extend from in- 
land of Terra Nova Bay (the northern limit of 
Scott Coast) to 76.5° S. Between 76.5° S and 72° 
S is Convoy Range, with Mawson Glacier in the 
north and Mackay Glacier in the south (see map 
m!65el47-183n75-80 Scott Coast). 



South of the small headland (-8320.000 N/410.000 
E) south of Terra Nova Bay is David Glacier that 
terminates in Drygalski Ice Tongue. This is the 
largest glacier (over 100 km long) in the region 
and drains from the inland ice. As concluded from 
the elevation contours on our map, David Glacier 
extends 300 km inland. This matches observa- 
tions of a subglacial trench (Steed and Drewry 
1982). The drainage basin is 224.000 km 2 (McIn- 
tyre after Swithinbank 1988). David Glacier is 
also the largest glacier in the bowl-shaped area of 
the Antarctic Plateau west of Victoria Land. Be- 
cause Priestley and Reeves Glaciers are also outlet 
glaciers, David Glacier does not drain the entire 
bowl, but likely a segment delineated by a diago- 
nal line from the northern headland northwest and 
a diagonal line from the southern headland south- 
west, the latter being indicated by topography. 

David Glacier /Drygalski Ice Tongue are de- 
scribed in detail with the detail map David 
Glacier/Drygalski Ice Tongue (section (F.12)). 

Mawson Glacier, an outlet glacier further south at 
(76°13’S/162°05’E), also has an ice tongue with a 
different name, Nordenskjold Ice Tongue. 

As more mountainous regions lie close to the coast, 
more small glaciers enter the sea. 
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Map m213el95-231n71-77 Ruppert Coast 



(Coordinates el95-231 correspond to wl65-129) 

This map shows part of the northwestern coast of 
the Marie Byrd Land, West Antarctica, Saunders 
Coast, Ruppert Coast, and Hobbs Coast. 

The Phillips Mountains are at (-8500.000 N/ 

640.000 E), and Brennan Point is at (-8430.000 N/ 

530.000 E) marking the limit of Saunders Coast 
to the south and west and Ruppert Coast to the 
east. Ruppert Coast extends eastward to Cape 
Burks (74°45’S/136° 50’W), which is a prominent 
rock cape, the northwest extension of McDonald 
Heights (Mt. Gray) and the east side of Hull Bay. 
On Cape Burks is Russkaya, a Russian research 
station. 

Further south are the Ford Ranges , to the south 
of those the Clark Mountains , Mackay Moun- 
tains , and the Allegheny Mountains. South of Hull 
Glacier and Hobbs Coast (which is east of Hull 
Bay), are the Flood Ranges , from west to east 
Mt. Berlin (3498 m), Mt. Moultan (3069 m), 
Mt. Bursey (2779 m). Mt. Berlin interrupts a 
northward-flowing ice sheet and has an exposed 
height of 1300 m on the south side and 2100 m on 
the N side (Swithinbank 1988, p. B127), it is a late 
Cenozoic stratovolcano (LeMasurier 1972) with a 
1500 m diameter summit crater. Ice thickness is 
1500 m. These mountains are part of the Marie 
Byrd Land volcanic province, a volcanic chain 
that parallels the coast of West Antarctica from 
the Jones Mountains at longitude 94° W (266° E) 
in the Ellsworth Mountains (see map m285e267- 
303n78-815 Ellsworth Mountains) to the Fosdick 
Mountains at 145° W (215° E). Based on volcanic 



evidence, it can be shown that glaciation in Marie 
Byrd Land began in the Eocene, but it is not clear 
whether the glaciation remained uninterrupted to 
the present (LeMasurier and Rex 1982). 

Land Glacier is a prominent glacier between the 
Phillips Mountains and McCudclin Mountains, it 
drains from the interior ice. Hull Glacier is a 
much smaller glacier. Land Glacier is broad, 55 km 
long and heavily crevassed. According to Alberts 
(1995), Hull Glacier is also 55km long, but it is 
narrower. On satellite maps, Hull Glacier appears 
much smaller than Land Glacier (Ferrigno et al. 
1996; see also Swithinbank 1988, fig. 98, p. B132, 
for Hull Glacier). Between Land Glacier and Hull 
Glacier are no significant glaciers (Swithinbank 
1988, p. B128). There is little channeling of the 
glaciers, including Hull Glacier, which is consistent 
with the immature volcanic landscape of Pleis- 
tocene age. Instead, there is an active ice wall 
coastline which discharges icebergs into the sea. 
This area of Antarctica is known (from weather 
satellite observations) as being one of the oldest 
sea ice areas. Although the individual icebergs 
continually move north, the pattern of icebergs 
stays about the same, since new icebergs calve off. 
A question is what forces icebergs to separate and 
move apart. It has been hypothesized that freez- 
ing sea water in tidal cracks causes the initial sep- 
aration of icebergs (Debenham 1948; Swithinbank 
1957a) or that continued minor calving from ad- 
jacent icebergs forces them apart (Nichols 1960, 
after Swithinbank 1988, p. B129). 
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Map m237e219-255n71-77 Bakutis Coast 



(Coordinates e219-255 correspond to wl^l-105) 

This map shows almost 900 km of a coast of 
Marie Byrd Land in West Antarctica. Approxi- 
mately paralleling the coast is a volcanic province, 
i.e. the mountains rising above the ice sheet be- 
tween Jones Range (94° W) in Ellsworth Land and 
Fosbick Range (145° W) are volcanoes. The vol- 
canic province is described in the text to maps 
m237e219-255n75-80 Northern Marie Byrd Land 
and m213el95-231n71-77 Ruppert Coast. Exec- 
utive Committee Range belongs to the volcanic 
ranges. 

The coasts are Hobbs Coast (from the east side of 
Hull Bay, Cape Burks to a point on the coast at 
(74°42’S/127°05’W) opposite Dean Island, named 
for geography Professor W. Hobbs of University 
of Michigan) . Bakutis Coast (from there to Mar- 
tin Peninsula, ice-covered Cape Herlaclrer (73° 
52’S/114° 12’W)) and Walgreen Coast (east of 
Martin Peninsula). 

The entire length of Hobbs Coast and Bakutis 
Coast is bordered by Getz Ice Shelf, more than 
500 km long and 30-100 km wide. Getz Ice Shelf 
is protected by Grant Island, Siple Island with 
Mt. Siple and Cape Dart, Carney Island (Russell 



Bay is between Siple and Carney Islands), Duncan 
Peninsula and Wright Island. Because of the pres- 
ence of the islands, Getz Ice Shelf should be stable. 
Mt. Siple is also volcanic, it has the greatest ex- 
posed height (3110 m) and the greatest exposed 
diameter (50 km) of any volcano in West Antarc- 
tica (Swithinbank 1988, p. B127). The eastern end 
of Getz Ice Shelf is Martin Peninsula with Cape 
Herlaclrer (73° 52’S/114° 12’W). 

South of Bakutis Coast and Hobbs Coast is the 
Executive Committee Range. 

East of Martin Peninsula is Dotson Ice Shelf, 
bordered on the east by Bear Peninsula with 
Moore Dome and on the south by Kohler 
Range. Kohler Glacier flows past the north- 
west side of Kohler Range and into Dotson Ice 
Shelf at (-8370.000 N/750.000 E). Richmond Peak 
(3595 m) and Toney Mountain, also volcanic, are 
just south of Kohler Range. Mt. Takalre is south 
of Bear Peninsula (see map m237e219-255n75-80 
Northern Marie Byrd Land). Smith Glacier flows 
southeast of Bear Peninsula and north of Mt. 
Murphy, it extends into the Amundsen Sea at 
(-8300.000 N/805.000 E). 
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Map m261e243-279n71-77 Walgreen Coast 



(Coordinates e2f.3-279 correspond to wl 17-81) 

The map Walgreen Coast shows northeastern 
Marie Byrd Land, bordered here by Walgreen 
Coast, and northwestern Ellsworth Land, east of 
the longitude of Pine Island Bay. Walgreen Coast 
extends from Martin Peninsula (Cape Herlacher 
(73° 52’S/114° 12’W) on map m231e219-255n71- 
77 Bakutis Coast) to King Peninsula (Cape Waite 
(72°44’S/103° 16’W)). Walgreen Coast was dis- 
covered in 1940 by the Byrd Expedition in flights 
from the ship Bear and named after Charles Wal- 
green of Walgreen Drug Company of Chicago, who 
supported the 1933-35 and 1939-41 expeditions 
financially. 

Cape Waite on King Peninsula is the northeastern 
tip of Ellsworth Land and the northeastern con- 
tinental land of Amundsen Sea. Amundsen Sea is 
named after Norwegian explorer Roald Amundsen 
who first reached the South Pole in 1911. Beyond 
Peacock Bay, south and north of Cape Waite, and 
further east beyond Abbot Ice Shelf is Thurston Is- 
land with the Walker Mountains. In the small ice 
shelf between Thurston Island and Eights Coast 
is Sherman Island. On the ERS-1 altimetry map, 
these islands appear connected to King Peninsula, 
and the costal topography contains small-scale er- 
rors. Canisteo Peninsula is correctly mapped, how- 
ever. 

Eights Coast and Bryan Coast form the coasts of 
Ellsworth Land to Bellingshausen Sea in the north. 
Thaddeus Bellingshausen was leader of the Rus- 
sian Antarctic Expedition 1819-1821. Eights Coast 
extends from Cape Waite, King Peninsula, east 
to Pfrogner Point (72° 37’S/89° 35’W), Fletcher 
Peninsula. James Eights counts as the first Amer- 
ican scientist in the Antarctic region, as he car- 
ried out geologic investigations in the South Shet- 
land Islands (at 62° N, northwest of the tip of the 
Antarctic Peninsula) . 

To the east of Fletcher Peninsula lies Bryan 
Coast, its eastern limit is the northern tip of 
Rydberg Peninsula. George Bryan was a hydro- 
graplrer, 1938-1946. The coast on this map is 
largely bordered by ice shelves, but those have 
different properties. On the Marie Byrd Land sec- 
tion of Walgreen Coast are Dotson Ice Shelf at 



8300.000-8380.000 S at the western map mar- 
gin, Thwaites Glacier Tongue and ice in Pine Is- 
land Bay. Thwaites Bay does not contain an ice 
shelf, but Pine Island Bay does (see discussion 
on detail maps 15 Thwaites Glacier (F.13) and 16 
Pine Island Glacier (F.14)). On the west coast of 
Ellsworth Land, also Walgreen Coast, are parts of 
Pine Island Bay , and, north of Canisteo Peninsula, 
Cosgrove Ice Shelf. Inland and south of Canisteo 
Peninsula are the Hudson Mountains. Dotson Ice 
Shelf is described with map m237e219-255n71-77 
Bakutis Coast. 

East of Fletcher Peninsula and west of Allison 
Peninsula on Bryan Coast is a small ice shelf, Ven- 
ables Ice Shelf. Siple Station (USA) is near (76° 
S/85° W). 

Pine Island Glacier and Thwaites Glacier are the 
two biggest ice streams draining the northern mar- 
gin of the West Antarctic Ice Sheet between 90° 
W and 160° W, that is, in all of Ellsworth Land 
and Marie Byrd Land, and they are located only 
200 km apart. 

Thwaites Glacier extends further out into the 
sea than any other glacier, it has a large floating 
glacier tongue and a grounded iceberg tongue (see 
detail map in (F.13)). The tongue was discov- 
ered in 1946-47 and has been existing since then. 
In 1966, the glacier tongue was 63 km long, and 
the iceberg tongue was 110 km long. Ship travel 
was hindered by the Thwaites Glacier and Iceberg 
Tongue. In a LANDSAT1MSS image of 1972-73 
(Swithinbank 1988, p. B126, fig. 93), Thwaites Ice- 
berg Tongue is broken off from Thwaites Glacier 
Tongue and rotated about 40° westward, but 
otherwise it appears to have stayed in place, it 
is grounded on shoals (Holdswortlr 1985). The 
main part of Thwaites Glacier occupies a deep 
trench that extends inland well below sea level. It 
has been hypothesized by Hughes (1977) that 
Thwaites Glacier surges, because the iceberg 
tongue increased by 60% between 1965 and 1974, 
as noted by Southard and MacDonald (1974) and 
MacDonald (1976), which could be the result of 
a recent surge. (A glacier surge is a sudden ac- 
celeration of a glacier to up to 100 times its nor- 
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mal velocity. Only some glaciers surge. Surges 
occur quasi-periodically, with a short surge phase 
of rapid movement during which the glacier ad- 
vances, and a long quiescent, normal phase.) 

Thomas et al. (1979) quote a photogrammetric ve- 
locity estimate of 2 km a -1 after R. Allen and 
consider that equilibrium velocity. According to 
Lindstrom and Tyler (1985), the Thwaites Glacier 
Tongue moves 3.5 km a^ 1 . The glacier drains an 
area of 121.000 km 2 and should have a balance dis- 
charge of 47 km 3 a -1 . On the ERS-1 Atlas map, 
Thwaites Glacier and Iceberg Tongue appear to 
extend 100 km into Amundsen Sea. On morpho- 
logical grounds, the drainage basin may extend 
south to the area of the Hollick-Kenyon Plateau, 
to 350 km further south (measured to the 2000 m 
contour). It is not clear, however, how much of the 
area drains to Thwaites Glacier. 

Pine Island Glacier appears to drain the entire 
area south of the coastal volcanic ranges that bor- 
der the northern coast of Ellsworth Land. The high 
elevation area at (-8180.000 S/660.000 E) indicates 
the Jones Mountains, the easternmost range of 
the volcanic province that extends to the Fosbick 
Mountains at 145° W (see other maps on the vol- 
canic province). Cosgrove Ice Shelf (further north) 
has a much smaller drainage basin which extends 
inland about 50 km, whereas the drainage basin of 
Pine Island Glacier extends 350 km inland (east- 
ward). From the ice divide, that is mapped by the 
1200 m contour, ice drains eastward to the Ronne 
Ice Shelf (Rutford Ice Stream, glacier in Carl- 
son Inlet, Evans Ice Stream, see maps m285e267- 
303n71-77 Ellsworth Land and m285e267-303n75- 
80 Zumberge Coast). 

According to Crabtree and Doake (1982), the 
drainage basin of Pine Island Glacier is 214.000 



km 2 +/— 20.000 km 2 and mass flux at the ice 
front is 25 +/— 6 gigatons, equal to 28 km 3 , per 
year. As concluded from a LANDSAT1MSS im- 
age (1973), Pine Island Glacier is afloat for only 
about 80 km before it calves into Pine Island Bay. 
The grounding line is close to a 1400 m thickness 
measurement. Icefront velocity from satellite im- 
ages (1973, 1975) is 2.4 km a -1 , and comparison 
to 1966 aerial photographs indicates 10 km retreat 
or calving. 

The West Antarctic Ice Sheet is called a marine 
ice sheet , because the ice sheet lies on a rock base- 
ment that is well below sea level. In scenarios of a 
break-up of the West Antarctic Ice Sheet (see In- 
troduction, chapter (A)), Pine Island Glacier and 
Thwaites Glacier play a special role, because they 
are large ice streams that are not protected from 
the sea by ice shelves. This presents a rarity among 
West Antarctic ice streams. 

In a disintegration model by T. Hughes (after 
Swithinbank 1988, p. B124), this area would most 
likely start a collapse of the West Antarctic Ice 
Sheet: “Surging could produce a basal water layer 
that would uncouple the ice from its bed and thus 
draw down the surface level of the ice sheet. In 
the absence of a high bedrock sill to prevent it, 
the grounding line could migrate inland until ulti- 
mately the whole marine portion of the ice sheet 
is converted into an ice shelf.” Hughes (1973) and 
Thomas et al. (1979) suggested that today the 
northern part of the ice sheet could already be 
collapsing. The exceptionally low ice surface gra- 
dient, which is obvious east of Pine Island Bay, 
might support this hypothesis. In contrast, Crab- 
tree and Doake (1982) modeled the longitudinal 
profile of Pine Island Glacier using steady-state 
assumptions and found no evidence of instability. 
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Map m285e267-303n71-77 Ellsworth Land 



(Coordinates e267-303 correspond to w93-57) 

The “backbone” of the Antarctic Peninsula swings 
around to the west and continues in the mountains 
of Ellsworth Land. The large geographic units on 
this map are Palmer Land (the southern part of 
the Antarctic Peninsula, see also map m292e284- 
300n67-721), Alexander Island , Ellsworth Land, 
the Bellingshausen Sea to the north and the Ronne 
Ice Shelf and the Weddell Sea to the east. Palmer 
Land is very rugged, whereas Ellsworth Land has 
a smoother surface topography. The large basin 
in the center of the map drains to Evans Ice 
Stream, which enters Ronne Ice Shelf north of 
Fowler Ice Rise, an ice-covered peninsula. The ice 
masses of Evans Ice Stream are seen to elevate 
the surface of Ronne Ice Shelf by 90 m near the 
coast, and extending for 400 km across Ronne Ice 
Shelf (see also southerly adjacent map m285e267- 
303n75-80 Zumberge Coast). The drainage basin 
extends 230 km inland to an ice divide between 
Ronne Ice Shelf and the Bellingshausen Sea (- 

8270.000 N/410.000 E), the width of the basin 
is about 400 km. Ice thickness measurements of 
Evans Ice Stream are 800 m to 1240 m (Swithin- 
bank 1988, p. B121, fig. 89). 

The east coast of Palmer Land at this latitude is 
Black Coast (Cape Boggs (70°33’S/61°23’W), the 
headland of Eielson Peninsula, to Cape Mackin- 
tosh (72°50’S/59°54’W), the tip of Kemp Penin- 
sula, near Mason Inlet) and Lassiter Coast (Cape 
Mackintosh, Kemp Peninsula, to Cape Adams 
(75°04’S/62°20’W), the southern tip of Bowman 
Peninsula and northern entrance to Gardner In- 
let). Both Black Coast and Lassiter Coast in this 
map row 71-77 are better seen and described on 
the easterly adjacent map, m309e291-327n71-77 
Black Coast. 

The ice area at (-8300.000- -8350.000 N/810.000- 

860.000 E), where the Ross Ice Shelf borders the 
Weddell Sea, is receiving ice from several glaciers 
north and south of Bowman Peninsula (Nantucket 
Inlet to its north, Westmore Glacier, Ketchum 
Glacier in Gardner Inlet south of the Penin- 
sula, Ueda Glacier, Hansen Inlet further south). 
The northern edge of the Ronne Ice Shelf coin- 
cides roughly with Bowman Peninsula, i.e. Las- 
siter Coast/Palmer Land borders the Weddell 
Sea and Orville Coast and Zumberge Coast on 



Ellsworth Land border Ronne Ice Shelf. Precisely, 
Orville Coast extends from Cape Adams (Bow- 
man Peninsula) to Cape Zumberge (76°14’S/69° 
40’W), a rocky cape. James Zumberge was an 
American glaciologist who worked in Antarctica, 
Orville a naval meteorologist who designed part of 
the RARE Program. Cape Zumberge is located be- 
tween the Hauberg Mountains to its NE, and the 
Behrendt Mountains, to its NW. (John Behrendt 
is a geophysicist who has worked in Antarctica 
repeatedly in 6 decades: 1957-2002.) Only small 
glaciers drain from Orville Coast. 

Zumberge Coast is the southwestern coast of 
Ronne Ice Shelf, it extends to Skytrain Ice Rise 
and the coast near the Ellsworth Mountains (see 
map m285e267-303n78-815 Ellsworth Mountains). 
Cape Zumberge (at -8500.000 N/610.000 E) marks 
a point between rugged topography (north and 
east) and smooth topography with ice-covered 
peninsulas and large ice streams, the northern- 
most of which is Evans Ice Stream. 

In the northern part of the map, we also dis- 
tinguish a coastal and inland area of higher re- 
lief in Palmer Land (English Coast and surround- 
ings) and an area of less relief on the north- 
ern coast of Ellsworth Land, but this is not as 
smooth as Zumberge Coast. In the northeast, the 
southern continuation of George VI Sound is seen 
(for the northern part, see the northerly adja- 
cent map m292e284-300n67-721 Antarctic Penin- 
sula (Palmer Land)). The sound separates Alexan- 
der Island and Palmer Land and is occupied by 
George VI Ice Shelf (except for a small area in the 
north) . 

In a January 1973 LANDSAT1 MSS image, the 
shelf ice of George VI Ice Shelf extends past the 
small Eklund Islands and DeAtley Island to Spaatz 
Island, but there are many areas of ice rum- 
ples and large crevassed zones which are weakness 
zones that may facilitate disintegration of the ice 
shelf. George VI Ice Shelf has started to disinte- 
grate, about 5% of its area were affected by 2001 
(Vaughan et al. 2001). North of Spaatz Island is 
Ronne Entrance of George VI Sound, which is ice- 
free, Beethoven Peninsula is also part of Alexan- 
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der Island. Several small glaciers enter the ice shelf 
from the east. 

West of Spaatz Island is ice-covered Stange Sound, 
protected by Smygley Island, on its far side. 
The coastal sections are (NE to SW to W): 
Rymill Coast (Cape Jeremy (69° 24’S/68° 51’W), 
the northern limit of Palmer Land, to Buttress 
Nunataks (72°22’S/66°47’W)) and English Coast 
(Buttress Nunataks to Rydberg Peninsula (73° 
10’S/79°45’W)). English Coast borders both the 
southern part of Palmer Land along the south- 
ern part of George VI Sound and a part of 
Ellsworth Land, so the geographic limits are a 



bit oddly chosen. West of Rydberg Peninsula lies 
Bryan Coast , its western limit is Pfrogner Point 
(72°37’S/89°35’W) at Fletcher Peninsula. West 
of Pfrogner Point is Eights Coast, which extends 
all the way to the nortlrwesternmost headland of 
Ellsworth Land, Cape Waite on Kings Peninsula 
(see westerly adjacent map m261e243-279n71-77 
Walgreen Coast). In the western part of Bryan 
Coast is Venable Ice Shelf, « 60 km long by 40 km 
wide. Off Eights Coast is the large Abbott Ice 
Shelf, partly protected by small islands and by 
150 km long Thurston Island in the west (see map 
m261e243-279n71-77 Walgreen Coast). The inte- 
rior of Ellsworth Land rises above 1200 m. 
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Map m309e291-327n71-77 Black Coast 

(Coordinates e291-327 correspond to w69-33) 



Most of the area on this map is covered by the 
Weddell Sea. The land in the western part of the 
map is the southeastern part of the Antarctic 
Peninsula ( Palmer Land , Black Coast and Las- 
siter Coast) with many outlet glaciers that pro- 
trude into the sea ice, the sea, and the Ronne 
Ice Shelf. In the southeastern part of the map 
area, the Weddell sea is bordered by the Ronne 
Ice Shelf. The large Ronne Ice Shelf is also 
seen and described on maps m285e267-303n71-77 
Ellsworth Land, m285e267-303n75-80 Zumberge 
Coast, m285e267-303n78-815 Ellsworth Moun- 
tains, m309e291-327n75-80 Ronne Ice Shelf, and 
m309e291-327n78-815 Berkner Island; good de- 
scriptions of the ice shelf are given with the latter 
two maps. 

The eastern coast of the Peninsula is bordered by 
many small ice shelves, fed by outlet glaciers of the 
mountainous Peninsula. The area near the edge of 
the Ronne Ice Shelf is the area near Nantucket 
Inlet. For an image map of the Peninsula, see Fer- 
rigno et al. (1996), inset map Antarctic Peninsula, 
but no elevations are given there. 

At (-8400.000 to -8500.000 N/700.000 to 800.000 E), 
large icebergs are floating. 

Wetmore Glacier and Ketchum Glacier are join- 
ing to enter Gardner Inlet fust south of the north- 



ern limit of Ronne Ice Shelf and to the south 
of Nantucket Inlet, separated by Bowman Penin- 
sula (the boundary cape between Lassiter Coast 
(N) and Orville Coast (S)). In the same area are 
Ueda Glacier and Hansen Inlet. All those glaciers 
add to the ice mass mapped at (-8320.000 to 
-8380.000 N/l 10. 000-140. 000 E) near 74.5-75° S in 
Ronne Ice Shelf. Approximately, Lassiter Coast 
borders the Weddell Sea, and Orville Coast bor- 
ders Ronne Ice Shelf. A glacier whose ice can he 
followed inland for 150 km enters New Bedford In- 
let near 73.5° S, it passes south of Mt. Axworthy 
(1639 m) (Lassiter Coast). 

Cape Mackintosh (72° 50’S/59° 54’W) at Kemp 
Peninsula (73° 08’S/60° 15’W) is the boundary of 
Black Coast (N) and Lassiter Coast (S). Large ice 
shelves are seaward of Black Coast, (1) offshore 
of Cape Knowles (71°48’S/60° 50’W) to Kemp 
Peninsula is one large ice shelf of about 130 km, 
this ice shelf is seen between -8060.000 N and 
-8190.000 N on our map; it contains Gruening 
Glacier and Beaumont Glacier in Hilton Inlet, 
Butler Island, Cape Christmas, Violante Inlet, and 
Mason Inlet. (2) Just north of Cape Knowles is 
Odom Inlet, a large glacier that passes between 
Mt. Jackson (3050 m) and Rowley Massif enters 
here, its ice mass is seen offshore of Black Coast 
at (-8020.000 N/100.000 E). 




Black Coast — ERS— 1 DATA, 1995 




e29 1 — 327n71 — 77, WGS84, Gaussian variog., central mer. 309, slope corrected, scale 1:5000000, 980112 
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(D.4) Latitude Row 75-80° S: Maps from ERS-1 Radar Altimeter Data 



Coats Land - ERS1 DATA, 1995 




e31 5 — 351 n75 — 80, WGS84, Gaussian variog., central mer. 333, slope corrected, scale 
1 :5000000, 971 105 



Map m333e315-351n75-80 Coats Land 

(Coordinates e315-351 correspond to wJ^5-9) 

Coats Land forms the westernmost part of south- 
ern Queen Maud Land, along the Luitpold Coast 
(southerly part of the west side of Coats Land) and 
Caird Coast (northerly part), which borders the 
Weddell Sea. Caird Coast extends from the termi- 
nus of the St ancomb- Wills Glacier (20° W) to the 
vicinity of Hayes Glacier (27°54’W). Caird Coast 
was sighted by Shackleton in 1915 and named for 
the patron of his expedition (Alberts 1995). Luit- 
pold Coast is westerly adjacent to Caird Coast, it 
extends from the vicinity of Hayes Glacier to 36° 



W, the geographic eastern limit of the Filclmer 
Ice Shelf. Luitpold Coast was discovered by W. 
Filchner during the German Antarctic Expedition 
1911-12 and named for Prince Regent Luitpold of 
Bavaria. The southern coast of Coats Land bor- 
ders Filchner Ice Shelf. 

The whole land mass of Coats Land follows a 
wide arc, trending southwest to west to west- 
northwest to northwest to west-southwest and fi- 
nally to south-southwest, throughout the area of 
this map, with elevations decreasing from above 
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2000 m to the coast. This arc forms a divide be- 
tween the northern areas and the southerly basins 
which drain into Filchner Ice Shelf. The divide 
continues east into Queen Maud Land (see descrip- 
tion to map m357e339-15n75-80 Western Queen 
Maud Land (North)). Small glaciers must drain 
off the northwest coast into the Weddell Sea, but 
are not distinguishable here. The gradient of the 
northwesterly coast increases from 200 m in 30 km 
(1600 m to 1400 m; 0.67% = 0.38°) to 200 m in 
20 km (1000 m to 800 m; 1% = 0.57° ) and to 200 m 
in less than 5 km between 600 m and 400 m ele- 
vation (4% slope = 2.3°). The 800 m contour and 



lower contours indicate rugged terrain along most 
of the coast. The slope towards Filchner Ice Shelf 
is less (200 m in 10-15 km, 1-2%), and the ter- 
rain is smooth. A glacier system drains into Filch- 
ner Shelf Ice north of the Tlreron Mountains. The 
Theron Mountains peak at 1175 m above sea level 
and have an extension of 40 km. The Argentinian 
Belgrano Station is located on southern Luitpold 
Coast. The southernmost drainage basin seen on 
this map is that of the large Slessor Glacier (see 
map m333e315-351n78-815 Filchner Ice Shelf and 
detail map Slessor Glacier, section (F.l)). 
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Western Queen Maud Land (North) — ERS1 DATA, 1995 




east (km UTM) 



e339- 1 5n75-80, WGS84, Gaussian variog., central mer. 357, slope corrected, scale 
1 :5000000, 971 106 



Map m357e339-15n75-80 Western Queen Maud Land (North) 



The Western Queen Maud Land (North) map 
shows the ice divides between the drainage basin 
of Stancomb- Wills Glacier (which terminates be- 
tween Brunt Ice Shelf and Riiser-Larsen Ice Shelf 
in the eastern Weddell Sea, see map m333e315- 
351n71-77 Riiser-Larsen Ice Shelf) and Bailey 
Ice Stream (which flows through Coats Land 
and drains into Filchner Ice Shelf north of the 
Theron Mountains); this divide is marked by the 
“nose” in the 2200 m contour line at location 
(-8570.000 N/300.000 E) and in the 2000 m con- 
tour line at (-8600.000 N/200.000 E) and contin- 
ues on map m333e315-351n75-80 Coats Land in a 
large northerly-westerly-southerly arc to the head 
of Coats Land. 

Further south is a more subtle divide (mapped at 
(-8720.000 N/420.000 E) in the 2200 m contour 



and also in the 2000 m contour) that separates 
the Bailey Ice Stream drainage from the drainage 
system of Slessor Glacier (see maps m333e315- 
351n75-80 Coats Land and m333e315-351n78-815 
Filchner Ice Shelf). The gradient in the upper 
Stancomb- Wills Glacier drainage is much steeper 
(800 m from 1800 m to 1000 m elevation in 65 km, 
corresponding to 200 m in about 16 km, 1.23% = 
0.71°) than the gradient in the upper basin of the 
glaciers that flow to the Filchner Ice Shelf (Bai- 
ley Ice Stream and Slessor Glacier) (600 m from 
1800 m to 1200 m in 180 km, corresponding to 
200 m in 60 km, 0.3% = 0.19°). Above the 2200 m 
contour, the gradient is typical of the slope of in- 
terior Queen Maud Land (200 m in about 100 km, 
0.2% = 0.1°), increasing slightly to 3200 m ele- 
vation (which is the maximum elevation on this 
map) . 
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Central Queen Maud Land (North) — ERS1 DATA, 1995 




east (km UTM) 



e3-39n75-80, WGS84, Gaussian variog., central mer. 21, slope corrected, scale 
1 :5000000, 971 106 



Map m21e3-39n75-80 Central Queen Maud Land (North) 



This map shows Central Queen Maud Land 
(North), south of New Schwabenland (first called 
Neuschwabenland by the German Antarctic Expe- 
dition 1938-39, led by Alfred Ritscher), a moun- 
tainous upland that extends 800 km E to W in the 
northern part of Queen Maud Land. The moun- 
tains are all north of the area covered by this 
map. 

In the northeastern part of the map, there is a dark 
grey area bordered by two 3600 m contours, this 



is a western-to-nortlrwestern continuation of the 
divide on which Valkyrie Dome lies. Drainage to 
the north is towards the northern coast of the At- 
lantic sector of the circum- Antarctic sea; drainage 
to the east (of the Valkyrie Dome divide) is to 
Lambert Glacier, drainage to the west is to the 
Weddell Sea. The surface slopes down in a south- 
westerly direction toward the Coats Land sector of 
the eastern coast of the Weddell Sea (more than 
600 km distant). 
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Valkyrie Dome - ERS1 DATA, 1995 




e27 — 63n75 — 80, WGS84, Gaussian variog., central mer. 45, slope corrected, scale 
1 :5000000, 971 105 



Map m45e27-63n75-80 Valkyrie Dome 



Valkyrie Dome is an ice dome that rises to about 
3700 m at center coordinates (77° 30’S/37° 30’E) 
in eastern Queen Maud Land - and it is the only 
distinguished feature on this map. Queen Maud 
Land in the area is fairly flat, as seen from the 
wide spacing of contour lines — the slope is only 
200 m in 100-150 km. 

In 1963-64 an oversnow traverse of the Soviet 
Antarctic Expedition crossed the northern part 
of Valkyrie Dome (first called Valkyriedomen), in 
1967-1969 the dome was surveyed by airborne 
radio-echosounding by members of the Scott Po- 
lar Research Institute (Cambridge, UK) and the 



Technical University of Denmark (Lyngby) (after 
Alberts 1995, p. 775). On Valkyrie Dome, the per- 
manent Japanese Station Dome Fuji was built. 
The historic U.S. American Plateau Station was 
located 2 degrees due south. From the wide area 
of Valkyrie Dome, the surface slopes gently to the 
southwest, the northnorthwest, and in the direc- 
tion of the Lambert Glacier drainage basin, to 
the east and northeast. The upper elevations of 
the Lambert Glacier drainage basin are on this 
map, and Valkyrie Dome is part of the divide be- 
tween Lambert Glacier drainage basin and interior 
Queen Maud Land. 
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South of Lambert Glacier - ERS1 DATA, 1995 




e51 — 87n75 — 80, WGS84, Gaussian variog., central mer. 69, slope corrected, scale 
1 :5000000, 971 105 



Map m69e51-87n75-80 South of Lambert Glacier 



This map shows the area south of Lambert 
Glacier. The topography here is dominated by 
one main feature — the southern part of the fairly 
evenly shaped drainage basin of Lambert Glacier 
(see m69e61-77n67-721 Lambert Glacier, m69e51- 
87n71-77 Upper Lambert Glacier and adjacent 
maps to the east and west) . Elevations in the area 
range from 2400 m (in the north center) to just 
above 4000 m in the area of Dome Argus at the 
southeastern map edge. 

The drainage basin appears to have two arms 
a westerly and an easterly one. The west- 
erly one appears to turn into Mellor Glacier and 
Fisher Glacier, which is immediately west of Mel- 
lor Glacier, while the easterly one becomes (upper) 
Lambert. Glacier. At the confluence, those glaciers 
are actually close together. Fisher Glacier, Mellor 



Glacier and upper Lambert Glacier form the main 
trunk of Lambert Glacier. 

Dome Argus is a fairly flat ice dome (see map 
m69e51-87n78-815 Dome Argus), but the highest 
ice feature in Antarctica (of course not the highest 
mountain — that is Mt. Vinson in the Ellsworth 
Mountains at 5140 m) with just over 4000 m ele- 
vation. Dome Argus (first called “Dome A”) was 
mapped by the SPRI-NSF-TUD airborne radio- 
echosounding program (1967-1979) (Alberts 1995, 
p. 26); the abbreviations stand for Scott Polar Re- 
search Institute, Cambridge, UK (SPRI), National 
Science Foundation, U.S.A. (NSF), Technical Uni- 
versity of Denmark, Lyngby, Denmark (TUD). 

The area of the Gamburtsev Subglacial Mountains 
(«70-80°E/ 77-79° S on the USGS satellite image 
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map (Ferrigno et al. 1996)) is on this map, north 
to northwest of Dome Argus. A center coordinate 
of (80°30’S/ 76°0’E) is given in Alberts (1995, p. 
267). The Gamburtsev Subglacial Mountains were 
detected by a Soviet seismic party in 1958 (named 
after geophysicist Grigory A. Gamburtsev (1903- 
1955)) and are said to extend beyond the area of 
Dome Argus. The discrepancies in coordinates in- 
dicating the extension of the subglacial mountains 
in different literature sources attest to the state of 
knowledge in the interior of Antarctica. 

A LANDSAT1 MSS image of the ice surface above 
the Gamburtsev Subglacial Mountains reproduced 
in Swithinbank (1988, p. B64, fig. 49) indicates a 
surface topography which descends in offset steps 
to the northwest, in the direction of Lambert 



Glacier. Subdued escarpment slopes cause shad- 
ows in the (visual) satellite image, which indicate 
the presence of subglacial ridges or steps. Infor- 
mation on the thickness of the ice above the sub- 
glacial mountains is not given, or possibly in the 
original Russian held report. There are subregu- 
lar snow dunes at the foot of many of the es- 
carpments. A held party of the Soviet Antarctic 
Expedition during the International Geophysical 
Year made seismic measurements, the ice thickness 
above the rugged and elevated subglacial moun- 
tain range is in places only 600 m to 800 m. Ice 
surface elevation is about 3500 m. The existence of 
subglacial lakes has been postulated from strong 
bottom reflections in seismic records in the neigh- 
bourhood (Robin et al. 1970; after Swithinbank 
1988, p. B65), as long as 180 km. 
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East Antarctica (Sovetskaya) - ERS1 DATA, 1995 




e75- 1 1 1 n75-80, WGS84, Gaussian variog., central mer. 93, slope corrected, scale 
1 :5000000, 971 105 



Map m93e75-llln75-80 East Antarctica (Sovetskaya) 



Map m93e75-llln75-80 East Antarctica (Sovet- 
skaya) shows the southern extension of the broad 
ice divide that is seen on the (northerly adjacent) 
map m93e75-llln71-77 American Highland and 
that separates the Lambert Glacier drainage basin 
from the interior of Wilkes Land which drains to 
the Indian Ocean sector of the circum-Antarctic 
ocean, and, in its eastern part, to the Ross Sea. At 
elevations above 3600 m, the ridge is 300-350 km 



wide. The ridge reaches 3800 m in its southern 
center, hence the E-W slope is 200 m in 180 km, 
but in the SW corner of the map is a steep section 
with a 3600-3800 m N-S slope over 30 km. 

Further southwest is Dome Argus (see map 
m69e51-87n78-815 Dome Argus). The Russian 
Sovetskaya Station is at approximately (78°S/88° 
E). 
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East Antarctica (Vostok) — ERS1 DATA, 1995 




east (km UTM) 

e99- 1 35n75-80, WGS84, Gaussian variog., central mer. 117, slope corrected, scale 
1:5000000, 970723 



Map mll7e99-135n75-80 East Antarctica (Vostok) 



In the part of the interior of East Antarctica that 
is mapped here, the ice surface has elevations from 
2600 m (SE map corner) to 3600 m above WGS 
84 (SW map corner) and generally slopes down to 
the east with a gradient of 200 m in 180 km (3400 
to 3200 m) and to the north with a very low gra- 
dient. The narrow section of ice above 3200 m in 
the center north of the map is the shallow ridge 
that extends to Dome Charlie, further northeast 
(see map mll7e99-135n71-77 Dome Charlie). 

Drainage to the east is towards the Ross Sea (as 
may be concluded from looking also at the easterly 
adjacent map ml41el23-159n75-80 East Antarc- 
tica (Mt. Longhurst). Mt. Longhurst is on the Ross 
Coast! 



Swithinbank (1988) concludes the existence of 
snow megadunes at elevations of roughly 3000 m in 
the region (126°-132 0 E/76 0 -77° S) from a LAND- 
SAT 1MSS image (Swithinbank 1988, fig. 45, p. 
B57-58). The features are subparallel, slightly 
wavy, a bit offset to each other and have a charac- 
teristic distance of 2.5 km from one maximum to 
the next. Swithinbank (1988) attributes the exis- 
tence of such “megadunes” most likely to the re- 
distribution of newly fallen snow by wind, with 
lighter bands representing newer snow than darker 
bands, or to morphologic structures, where slight 
change in slope may result in change in albedo. 
Snow megadunes are likely to be physically sim- 
ilar to sand megadunes, as described by Cornish 
(1914) and Bagnold (1941) for eastern Iran and the 
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Namib desert; the height of sand dunes is several 
tens of meters, the height of snow dunes 1-2 m, so 
they may not be noticeable to the surface traveler. 
These megadunes appear to be different patterns 
than the structures seen in the USGS Landsat map 
for American Highland more elongated and of 
shorter characteristic length. 

Vostok Station, a Russian research station, is lo- 
cated at approximately (78.5° S/107°E), at an el- 
evation of 3488 m. Here an ice thickness of 3700 m 
was measured (National Geographic Atlas, Na- 
tional Geographic Society 1992, p. 102) which 
means that the Antarctic Ice Shield extends be- 
low sea level. 

If all the ice would melt, however, the top of the 
then exposed rock surface would not be below 
sea level anymore, because weight of the ice sheet 
pushes the rock layer downward (into the Earth’s 
mantle, simply speaking, which is more viscous; 
it may be imagined as a thick fluid), and as the 
ice melts, the weight is taken off and the rock layer 
(the crust) rises, with some time lag. This is called 



isostatic compensation, since there is a time lag, 
the land mass may still be rising after the ice is 
long gone. Only after the land stopped rising, one 
speaks of isostatic equilibrium (also, when the ice 
is not growing in thickness and the land is nei- 
ther sinking nor rising, ie. when the forces are bal- 
anced). For instance, land in Scandanavia, around 
the northern end of the Baltic Sea, is still rising 
several millimeters per year, after the Fennoskan- 
dian Ice Shield melted after the end of the last ice 
age, over 10,000 years ago, and hence, the area is 
not in isostatic equilibrium. 

Vostok Station bears the distinction of being the 
coldest place on Earth (or, the coldest place with 
temperature measurements) , as a record low tem- 
perature of -89.2° C (-128.5° F) was measured here 
on the 21st of July, 1983. 

Not far away as is the Geomagnetic South Pole. 
The Geomagnetic South and North Poles mark 
the axis of the Earth’s magnetic field; they wander 
with time (and so the compass declination changes 
slowly at every place on Earth). 
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East Antarctica (Mt. Longhurst) - ERS1 DATA, 1995 



-8500 



t; -8600 

E 

_C 

° -8700 



-8800 

200 300 400 500 600 700 800 

east (km UTM) 

el 23-1 59n75-80, WGS84, Gaussian variog., central mer. 141, slope corrected, scale 
1 :5000000, 971 105 




Map m!41el23-159n75-80 East Antarctica (Mt. Longhurst) 



In this area of East Antarctica, the ice surface 
descends from the interior (Higlrpoint at Dome 
Charlie, northwest of the map area above the 
3000 m contour) in an eastward direction towards 
the Ross Sea in the east (3000 m to 2200 m con- 
tours). Between the interior and the coast lies 
the Victoria Land section of the Transantarctic 
Mountains. In the southeastern corner of the map 
is Mount Longhurst (79° 26’S/157° 18’E) (2846 m) 
near Hillary Coast, which borders Ross Ice Shelf. 
Mt. Longhurst is the highest point of Festive 
Plateau in the Cook Mountains (discovered by the 



British National Antarctic Expedition 1901-1904, 
led by Robert Scott). In the mountain ranges, 
the elevation is not correct, because areas of high 
vertical relief cannot be mapped accurately with 
satellite radar altimetry. Mt. Longhurst appears 
as between 2000 m and 2200 m high). But Mt. 
Longhurst is a useful land mark that can be iden- 
tified on three maps: (1) this map, (2) ml65el47- 
183n75-80 Scott Coast, and (3) ml65el47-183n78- 
815 Hillary Coast, but not on ml41el23-159n78- 
815 Byrd Glacier, giving a good idea of the overlap 
and relative location of adjacent maps. 





218 



Scott Coast - ERS 1 DATA, 1995 




east (km UTM) 

e 1 47— 1 83n75— 80, WGS84, Gaussian variog., central mer. 165, slope corrected, scale 
1 :5000000, 971 105 



Map ml65el47-183n75-80 Scott Coast 

This map shows southern Victoria Land, Scott 
Coast and Hillary Coast. Scott Coast borders 
the Ross Sea largely, Hillary Coast borders the 
Ross Ice Shelf. Scott Coast extends from Cape 
Washington (74° 39’S/165° 25’E) between Wood 
Bay and Terra Nova Bay to Minna Bluff (78° 
31’S/166°25’S). The northern part of Scott Coast 
is described in the text of map ml65el47-183n71- 
77 Victoria Land, including Mawson Glacier and 
Mackay Glacier. 

The area south of Mackay Glacier contains the 
’’Dry Valleys” of Victoria Land, and from north to 
south, Olympus Range, Asgard Range and Royal 
Society Range. A good image and map at scale 
1:1.000.000 of the area is given in the insert ”Mc- 
Murdo Sound Area” of the USGS Satellite Image 
Map (Ferrigno et al. 1996). The area has seen a 



lot of research and exploration because of the lo- 
cation of the American McMurdo Research Sta- 
tion, the largest station in Antarctica, and Scott 
Station (New Zealand). 

The Dry Valley region is a cold desert, about 
2000 km 2 large, that is essentially free of snow. 
The major valleys are Taylor, Wright and Victoria 
Valleys. They separate east-west trending moun- 
tain ranges. Victoria Valley is north of Olympus 
Range, Wright Valley is south of Olympus Range 
and north of Asgard Range, Taylor Valley is south 
of Asgard Range and north of Kukni Hills. Ferrar 
Glacier south of Kukni Hills is not dry but a real 
glacier. There are also small subordinate dry val- 
leys. Outlet glaciers from the inland ice sheet enter 
the valleys from the west, but the central valleys 
are dry. In the coastal areas the precipitation is 
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higher again, and this explains why glaciers form 
in the lower valleys (e.g. Victoria Lower Glacier), 
and piedmont glaciers form. 

Large glaciers are Debenham Glacier, Victoria 
Lower Glacier, Wright Lower Glacier (Olympus 
and Asgard Range) , all ending in Wilson Piedmont 
Glacier, Ferrar Glacier, ending in New Harbor (a 
piedmont glacier), Bine Glacier in the Royal Soci- 
ety Range, and Bowman Piedmont Glacier. Small 
mountain glaciers exist at higher elevations, they 
flow about normally toward the dry valleys and 
end above the valley floor - they dry out. This 
phenomenon is really unique and has made the 
’’Dry Valleys” famous. 

Because of the very cold (-20° C mean) and arid 
climate, the glaciers in the valleys are slow and 
inactive. Here, a glacier advance would indicate 
a warming climate (the reverse of the usual rela- 
tionship of climatic warming and glacier retreat). 
Summer precipitation is higher than winter precip- 
itation, because the air can carry more moisture. 

The alpine glaciers are all cold-based and cause 
very little erosion, they leave the bed largely un- 
changed and stand above the surface. Accumu- 
lation is mostly by wind redeposition. Ablation 
is mostly by sublimation. Velocities are typically 
1 ma , so the glaciers are very slow. (The de- 
scription of the Dry Valley region follows Chinn, 
in Swithinbank 1988, p. B39-41.) 

South of Royal Society Range is Koettlitz Glacier, 
on the west and southwest bordered by Brown 
Peninsula on which Mt. Discovery (2861 m) sits 
(Minna Bluff extends from here) . 

Ross Island , seen off the coast on the map, with the 
volcanoes Mt. Terror (3262 m), Mt. Terra Nova, 
Mt. Erebus (3794 m) is located at (77° 30’S/168° 
E). The stations are in the southwest. Ross Island 
is 68 km large from Cape Bird in the north to 
Cape Armitage in the south, and from Cape Royal 
in the west to Cape Crozier in the east. Mt. Ere- 
bus is an active volcano. Erebus Glacier Tongue 



extends into the sea between the main part of the 
island and Hut Point Peninsula. 

Ross Island and Scott Coast form McMurdo 
Sound. Minna Bluff, the boundary point between 
Scott Coast and Hillary Coast, is only a short 
distance to the south. McMurdo Ice Shelf (be- 
tween Minna Bluff and Ross Island) has one of 
the largest ablation areas in Antarctica, indicative 
of a warming climate. The 25 km long floating 
tongue of Koettlitz Glacier is also wasting away 
(Swithinbank 1988, p. B32). 

Major glaciers on Hillary Coast are Skelton 
Glacier and Mulock Glacier. Hillary Coast has 
a ’’white” appearance, distinctly different from 
the dry valley region to the north. Skelton Glacier 
is a local glacier, draining from the Skelton Neve, 
not from the interior ice sheet, whereas Midock 
Glacier is a major outlet glacier. Between both is 
Worcester Range with 2760 m Mt. Harmswortlr. 

Midock Glacier is 12 km wide, and has charac- 
teristic crevasse patterns with at least three main 
directions forming polygons and organized in large 
flowline-parallel stripes (Swithinbank 1988, fig. 26, 
p. B31). The surface falls from 1400 m to 100 m 
over 80 km length of the glacier. Mulock Glacier 
moves 390 ma^ 1 near its mouth (Swithinbank 
1963) and discharges 5-6 km 3 a -1 into the Ross 
Sea. The contour map shows an ice tongue or floe. 

Mt. Longhurst. (2846 m) is also visible on this 
map, at about (-8820.000 N/330.000 E). North 
of Mt. Longhurst is Carlyon Glacier, south of it 
is Darwin Glacier with a tributary, Hatherton 
Glacier (south of that is Byrd Glacier, described 
on map ml65el47-183n78-815 Hillary Coast). 
Darwin Glacier and Hatherton Glacier have high 
rock barriers at their heads, barring ice from the 
interior (Swithinbank 1988, fig. 23, p. B26-27). 

The ’’nose” in the 2200 m contour in the center of 
the map marks another ice divide, extending south 
of Scott Coast. 
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Roosevelt Island — ERS1 DATA, 1995 
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Map ml89el71-207n75-80 Roosevelt Island 



(Coordinates el71-207 correspond to wl89-153) 

This map shows Roosevelt Island , parts of Shi- 
rase Coast in the east and part of Ross Ice Shelf. 
The shelf ice edge should be on this map, but is 
not contained in the ERS-1 radar altimeter data 
set (see description of map ml89el71-201n78-815 
Ross Ice Shelf). Ice from the West Antarctic Ice 
Streams flows north through Ross Ice Shelf and 
around Roosevelt Island, as indicated by the el- 
evated ice surface contours. The ice streams are 
labeled A, B, C, D, E (Ice Stream B is now called 
Whillans Ice Stream, after American glaciologist 
Ian Whillans); the ice between Roosevelt Island 
and Shirase Coast stems from ice stream E, the 
northernmost one. The ice streams are further de- 



scribed in the text of map m213el95-213n78-815 
Shirase Coast. 

Roosevelt Island is an ice rise about 140 km long 
in northwest-southeast direction and 60 km wide. 
An ice rise is ice that does not flow in the direction 
of the surrounding ice but rests on a seafloor shoal 
on rocks, i.e. it is an ice-covered island. According 
to Alberts (1995, p. 629) its northern tip is only 
5 km from the ice edge at the Bay of Wales, and its 
elevation is 550 m, which matches the elevation on 
the ERS-1 map (approximately, by extrapolation 
of the gradient). Ice thickness is 750 m, according 
to the National Geographic Atlas map (National 
Geographic Society 1992, p. 102). The island was 
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discovered in 1934 by the Antarctic Expedition led 
by Richard Byrd and named after the contempo- 
rary president of the United States of America, 
Franklin Roosevelt. 

On Shirase Coast, we see the area north and 
south of Prestrud Inlet, the bay at -8750.000 N 



on the eastern map margin. To the north of the 
inlet are the Rockefeller Mountains. The coastline 
is more completely mapped and with the inland 
on maps m2 13e 195-23 ln78-8 15 Shirase Coast and 
m213el95-231n75-80 Saunders Coast. 
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Saunders Coast - ERS1 DATA, 1995 
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Map m213el95-231n75-80 Saunders Coast 



(Coordinates el95-231 correspond to wl65-129) 

This map shows the northern part of the eastern 
coast of Ross Ice Shelf ( Shirase Coast), part of 
the Ross Ice Shelf between that coast and Roo- 
sevelt Island, and part of the northern coast of 
Marie Byrd Land (Saunders Coast) . Shirase Coast 
extends from (80° 10’S/151° W) to Cape Colbeck 
(77°07’S/157°54’W), located at the northwest tip 
of Edward VII Peninsula, and hence at the ex- 
treme northwest end of Marie Byrd Land. Saun- 
ders Coast is limited by Cape Colbeck and Bren- 
nan Point (76°05’S/146°3rW), the east side of 
the entrance to Block Bay, in which Balchen 
Glacier enters. Saunders Coast was explored from 
the air in 1929 by the Byrd Antarctic Expedition 
(1928-1930) and mapped from those photographs 



by Harold Saunders. It was as late as 1959-65 that 
Saunders Coast was mapped completely, this was 
carried out by the US Geological Survey, using 
ground surveys and aerial photography. East of 
Saunders Coast is Ruppert Coast which is mapped 
on m213el95-231n71-77 Ruppert Coast. 

Ice from West Antarctic Ice Streams D, E, and F 
flows northwest through Ross Ice Shelf between 
Roosevelt Island and the coast (for the ice streams, 
see m213el95-231n78-815 Shirase Coast). The 
mouth of Ice Stream E is just at the southern edge 
of the map (at 500.000 E). The smaller Ice Stream 
F is located in the bay at (-8800.000 S/420.000 E). 
The northern margin of Marie Byrd Land is moun- 
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tainous, with several ranges and nunataks rising 
above the ice, whereas the higher interior is ice- 
coverecl. There are numerous glaciers. 

Prestrud Inlet with Kiel Glacier is located on Shi- 
rase Coast across from the northern tip of Roo- 
sevelt Island and south of Rockefeller Mountains. 
Rockefeller Mountains are the head of Edward 
VII Peninsula. On Saunders Coast are (east to 
west): Bartlett Inlet, inland of that McKinley 
Peak (77° 54’S/148° 18’W) in the Ford Ranges 
(the smaller brother and namesake of Mt. McKin- 
ley, Alaska, the highest mountain of North Amer- 
ica, but named after Grace McKinley, the wife 
of the photographer on the Byrd Expedition 
(1929)), Scott Nunataks, Alexandra Mountains, 
Sulzberger Ice Shelf with Sulzberger Bay offshore 
at (-8600.000 N/450.000 E), Boyd Glacier, Saun- 



ders Mountains, Crevasse Valley Glacier, Fosdick 
Mountains, extending coastward to Guest Penin- 
sula (-8500.000 N/560.000 E), Balchen Glacier, 
Phillips Mountains (-8500.000 N/640.000 E), ex- 
tending to Brennan Point and seaward in Nicker- 
son Ice Shelf, further inland are the Ford Ranges , 
south of these the Clark Mountains , Mackay 
Mountains, and Allegheny Mountains and fur- 
ther east the Flood Ranges. Nickerson Ice Shelf 
extends east to a headland that borders Land 
Glacier on its eastern side (see map m213el95- 
231n71-77 Ruppert Coast). On Saunders Coast 
there are significant differences in the National 
Geographic Atlas Map (National Geographic So- 
ciety 1992, p. 102) and in the USGS Satellite Im- 
age Map (Ferrigno et al. 1996) . Features identified 
here with coordinates match the USGS Satellite 
Image Map. 
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Northern Marie Byrd Land — ERS1 DATA, 1995 
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Map m237e219-255n75-80 Northern Marie Byrd Land 



(Coordinates e219-255 correspond to wlJ^l-105) 

In the northern center of the map is Execu- 
tive Committee Range, part of the Marie Byrd 
Land volcanic province. Marie Byrd Land volcanic 
province is a volcanic chain that parallels the coast 
of West Antarctica from the Jones Mountains at 
longitude 94° W (266° E) in the Ellsworth Moun- 
tains (see map m285e267-303n78-815 Ellsworth 
Mountains) to the Fosdick Mountains at 145° W 
(215° E). Based on volcanic evidence, it can be 
shown that glaciation in Marie Byrd Land be- 
gan in the Eocene, but it is not clear whether the 
glaciation remained uninterrupted to the present 
(Le Masurier and Rex 1982). 



Executive Committee Range blocks a southward- 
flowing ice sheet that drains into the Ross Ice 
Shelf (Swithinbank 1988, p. B127). An elevated 
ridge above 1600 m extends southeast from 
Executive Committee Range to the interior of 
Marie Byrd Land (see also the southern adjacent 
map m237e219-255n78-815 Southern Marie Byrd 
Land). Ice to the northeast of this map drains to 
Walgreen Coast (map m261e243-279n71-77 Wal- 
green Coast) and the Amundsen Sea. North of 
Executive Committee Range is Bakutis Coast. 

Mt. Sidley (north face) in the Executive Com- 
mittee Range rises 2000 m above the ice sheet, 
Mt. Waesche (south face) 2200 m, Mt. Sidley has 
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a 5 km diameter caldera open to the south, its 
rim (4181 m) is the highest peak in the range. In 
our maps, the sumit appears only above 2200 m, 
because elevations of peaks cannot be mapped 
accurately with radar altimetry (the signal re- 
turns from a large area, and elevation is averaged 
out). Contemporary fumarolic activity has been 
observed (Mt. Hampton 3325 m), i.e. the volca- 



noes are still active. Further east and a little lower 
are the Crary Mountains, the highest peak is Mt. 
Frakes (3677 m). 

The volcano with the largest caldera (8 km diame- 
ter) is Mt. Takahe (3398 m, (76° 17’S/112° 05’W)), 
a partially buried shield volcano which rises about 
2000 m above the ice sheet. 
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Northern Hollick-Kenyon Plateau - ERS1 DATA, 1995 
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Map m261e243-279n75-80 Northern Hollick-Kenyon Plateau 



(Coordinates e2f 3-279 correspond to wl 17-81) 

This map shows eastern central Marie Byrd Land 
and southern Ellsworth, Land , West Antarctica. 
The map is named after Hollick-Kenyon Plateau, 
the only larger named geographic feature in the re- 
gion. Drainage to the north is to Thwaites Glacier 
(concave contour lines 600 m to 1800 m between 
200.000 E and 400.000 E on this map) and to Pine 
Island Glacier (concave contour lines 800 m to 
1200 m at 500.000-800.000 E and from the top of 
the map to -8500.000 N) on Walgreen Coast. The 
glaciers and their key role in scenarios of instabil- 
ity of the West Antarctic Ice Sheet is discussed in 
the description of map m261e243-279n71-77 Wal- 
green Coast and detail maps 15 Thwaites Glacier 
(F.13) and 16 Pine Island Glacier (F.14). Drainage 



to the east is to the Ronne Ice Shelf (see also de- 
scription of map m285e267-303n75-80 Zumberge 
Coast). 

In the southeastern part of the map are the 
Ellsworth Mountains, which border the Ronne Ice 
Shelf and consist of the Sentinel Range (77.3- 
79°S/ss85°W) in the north, trending N-S, and 
the Heritage Mountains (79-80.5° S/~85° W) in 
the south, trending NW-SE. The Sentinel Range 
contains the Antarctic continent’s highest moun- 
tain, Vinson Massif (78° 35’S/85° 25’W) peaking 
at 5140 m above sea level. A geologic bibliography 
of the Ellsworth Mountains is given by Webers 
and Splettstoesser (1982). For a general geologic 
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history of the Ellsworth Mountains, see Tingey 
(1991). 

Hollick-Kenyon Plateau is a large, relatively fea- 
tureless snow plateau, centered at (78° S/105° W), 



which was discovered by Lincoln Ellsworth on his 
transantarctic airplane flight in 1935 and named 
for his pilot, Herbert Hollick-Kenyon. 
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Zumberge Coast - ERS1 DATA, 1995 
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Map m285e267-303n75-80 Zumberge Coast 



(Coordinates e267-303 correspond to w93-57) 

The map m285e267-303n75-80 Zumberge Coast 
contains a complex array of geographic features 
in West Antarctica. Running diagonally and then 
south across the map is the western coastline of 
Ronne Ice Shelf. In the western half of the map, 
eastern Ellsworth Land and the Ellsworth Moun- 
tains are shown. In the center are ice rises along 
Zumberge Coast, from north to south, Fowler Ice 
Rise, Fletcher Ice Rise ( Dott Ice Rise) and Sky- 
train Ice Rise, between which large glaciers and 
ice streams drain into the Ronne Ice Shelf, increas- 
ing the offshore ice elevation for one hundred to 
several hundred kilometers by initially 100 m (40- 
140 m) . Korff Ice Rise is completely surrounded 
by Ronne Ice Shelf. In the northeastern part of 
the map, the southern extension of the arc of the 



Antarctic Peninsula is seen, bordered by Orville 
Coast. 

The northern edge of the Ronne Ice Shelf coin- 
cides roughly with Bowman Peninsula , i.e. Las- 
siter Coast/ Palmer Land borders the Weddell 
Sea and Orville Coast and Zumberge Coast on 
Ellsworth Land border Ronne Ice Shelf. Zum- 
berge Coast is the southwestern coast of Ronne 
Ice Shelf, it extends to Skytrain Ice Rise and 
the coast near the Ellsworth Mountains. Cape 
Zumberge (at -8500.000 N/610.000 E) marks a 
point between rugged topography (north and east) 
and smooth topography with ice-covered penin- 
sulas and large ice streams, the northernmost of 
which is Evans Ice Stream. Orville Coast extends 
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from Cape Adams (75° 04’S/62° 20’W), the rocky 
tip of Bowman Peninsula and the north side of 
the entrance to Gardner Inlet, to Cape Zumberge 
(76° 14’S/69°40’W), a rocky cape. James Zum- 
berge was an American glaciologist who worked in 
Antarctica, Orville a naval meteorologist who de- 
signed part of the Ronne Antarctic Research Expe- 
dition 1947-48 (United States Navy Reserve) led 
by Ronne. Cape Zumberge is located between the 
Hauberg Mountains to its NE, and the Behrendt 
Mountains, to its NW. (John Behrendt is a geo- 
physicist who has worked in Antarctica repeatedly 
in 6 decades: 1957-2002.) Only small glaciers drain 
from Orville Coast. 

The upland in the northwest corner of the map 
is the region of the Jones Mountains, the eastern- 
most part of the volcanic province in Ellsworth 
Land and Marie Byrd Land. In the southwest- 
ern part of the map are the Ellsworth Moun- 
tains, which border the Ronne Ice Shelf and con- 
sist of the Sentinel Range (77.3-79° S/«85°W) in 
the north, trending N-S, and the Heritage Moun- 
tains (79-80.5° S/f : s85°W) in the south, trending 
NW-SE. A geologic bibliography of the Ellsworth 
Mountains is given by Webers and Splettstoesser 
(1982). For the geology of Antarctica, see Tingey 
(1991). 

The Trans antarctic Mountains contain old rocks 
from the Paleozoic Era. Sedimentation occurred 
during the Cambrian Period throughout most of 
the Transantarctic Mountains. The sedimentation 
phase was terminated by the Ross Orogeny, which 
lasted a long time and centered around 520- 
450 Ma (million years before present), i.e. in the 
Late Cambrian and Early Ordovician Periods. An 
orogeny is a phase of mountain building, the Ross 
Orogeny involved folding, metamorphism of the 
sediments, and uplift, accompanied and followed 
by widespread intrusion of granitoid batholitlrs, 
sheets and dykes. 

In the Shackleton Range, the Ross Orogeny was 
completed before deposition of the Blaiklock 
Glacier Group in the Ordovician. In the Pen- 
sacola Mountains, rhyolite flows were embedded 
around 510 Ma. In the Thiel, Horlick and Queen 
Maud Mountains, the Ross Orogeny was marked 
by granitoid intrusions (collectively called Queen 
Maud Batholith). In the Ellsworth Mountains, 
3000 m thick sediments, the upper layers of which 
are dated Devonian (408-360 Ma), overlay the 
Cambrian Heritage Group (Laird 1991). Permian 



sediments are also found in the Ellsworth Moun- 
tains (Barrett 1991). 

With 5140 m, Vinson Massif in the Sentinel R ange 
of the Ellsworth Mountains is the highest moun- 
tain in Antarctica, it was first climbed in 1966- 
67 by members of an American expedition spon- 
sored by the National Geographic Society, the 
National Science Foundation and the American 
Alpine Club. Its neighbour Mt. Tyree (4965 m) 
is the second highest mountain in Antarctica, 
first climbed by New Zealand mountaineer Gary 
Ball and friends in the 1990’s. The position of 
Vinson Massif is marked exactly on the map. 
Hence it is apparent that the steep eastern mar- 
gin of Ellsworth Mountains is most prominent, 
mapped as a 1400 m drop-off. While the eleva- 
tions in this mountainous terrain are incorrect, 
as expected, since satellite altimetry cannot map 
mountain ranges exactly, it is correct that the east- 
ern drop-off is much larger and steeper than the 
western slope. Only 60 km to the east of Vin- 
son Massif is the thickest floating ice sheet in the 
world (2000 m thick), so the peak-to-trouglr re- 
lief is 7000 m, the largest on any continent, but 
some oceanic trenches have greater relief. The ice 
plateau to the west is at 1500-2000 m elevation 
(mapped correctly), i.e. Vinson appears to be cut 
out of the data set or not recorded. 

The Ellsworth Mountains dam the natural 
drainage of the ice sheet and divert the flow 
to the north and south from an ice divide at 
about -8550.000 N that is seen on map m261e243- 
279n75-80 Northern Hollick-Kenyon Plateau. Rut- 
ford Ice Stream drains all the ice that flows around 
the northern end of the Sentinel Range. Rut- 
ford Ice Stream (79°S/81°W) is a 284 km long 
and 24 km wide ice stream, which drains south- 
eastward between the Ellsworth Mountains and 
Fletcher Ice Rise into the southwestern part of 
Ronne Ice Shelf. It is named after geologist Robert 
Rutford, member of the U.S. Antarctic Research 
Program (USARP) expedition to Antarctica and 
leader of the University of Minnesota Ellsworth 
Mountains Party (1963-1964) (Alberts 1995, p. 
639). 

Rutford Ice Stream is a fast-moving ice stream. 
Its central part has been researched intensively by 
field parties, consequently the grounding line po- 
sition is known, the grounding line starts from a 
peninsula across from Vinson Massif and curves 
sinuously across the glacier, which is attributed 
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to the existence of pinning points. Ice thickness 
near the grounding line is 1670, 1880, 2000 m (spot 
soundings) . 

The velocity near the center is fairly uniform, 
400 m a -1 to 380 m a -1 , measured in a 
40 km network of stakes near the glacier cen- 
ter. The drainage basin of Rutford Ice Stream is 
40.500 km 2 +/- 4000 km 2 and mass flux at the 
grounding line is 18.5 +/- 2 Gt a -1 (20.3 km 3 a -1 ) 
(Crabtree and Doake 1982). Rutford Ice Stream 
was the first glacier for which velocity was inves- 
tigated with SAR interferometry (Goldstein et al. 
1993), a technique that uses phase differences of 
two SAR data sets to study change or movement. 
Mountain glaciers flow out of the Sentinel Range 
to join Rutford Ice Stream at almost normal angle. 

“Minnesota Glacier” is labeled slightly incorrectly 
on the ERS-1 map, in the position of this la- 
bel should be a label “Rutford Ice Stream” . 
Rutford Ice Stream flows southeastward east 
of Vinson Massif, which trends NW-SE, and 
Nimitz Glacier and Minnesota Glacier are two 
smaller glaciers, flowing southeastward (Nimitz 
Glacier) and southeastward-to-eastward (Min- 
nesota Glacier) to the southwest of Vinson Mas- 
sif. Nimitz Glacier ends near the tip of the arrow 
“Constellation Inlet”, Minnesota Glacier ends a 
bit further south (according to the USGS Satellite 
Image Map of Antarctica (Ferrigno et al. 1996); 
labels were written according to the National Ge- 
ographic Atlas map (National Geographic Society 
1992, p. 102), on which Rutford Ice Stream is not 
labeled and Minnesota Glacier appears to be the 
largest glacier in the area). 

On a satellite image of Fletcher Ice Rise, lower 
Rutford Ice Stream, the Sentinel Range and 
glaciers south of it (Swithinbank 1988, fig. 90, 
p. B122), three glaciers are distinguished and la- 
beled southwest of Vinson Massif. Nimitz Glacier 
flows along the western edge of Vinson Massif for 
60 km, where flowlines are clearly visible, its valley 
extends at least another 100 km northward, just 
south of Vinson is a step in the glacier bed and ice 
surface from a surface elevation of 1380 m down- 
ward. Ice thickness below the step is 720 m, 25 km 
downstream it is 1400 m. Minnesota Glacier paral- 
lels Nimitz Glacier 15 km further south and south 
of a small mountain range, it swings around the 
southern end of those mountains to join Nimitz 
Glacier. Minnesota Glacier occupies a 150 km 
long trench. Both glaciers are about 5 km wide 



and drain ice from the polar west of the moun- 
tains. The joint Nimitz and Minnesota Glaciers 
are joined by Splettstoesser Glacier, which flows 
SW-NE and does not drain inland ice. All three 
glaciers pass the southern end of the Sentinel 
Range and then join Rutford Ice Stream, the 
location where all glaciers join is located approx- 
imately where “Constellation Inlet” is marked on 
the ERS-1 map; the joint ice stream passes be- 
tween Fletcher Ice Rise and Skytrain Ice Rise and 
flows into Ronne Ice Shelf. 

Fletcher Ice Rise (center coordinate (78°20’S/81° 
W)) is 160 km long and 60 km wide and completely 
ice covered, it lies between Rutford Ice Stream and 
Carlson Inlet. On the satellite image (Swithinbank 
1988, p. B122, fig. 90), Fletcher Ice Rise appears 
not to be connected to the mainland, but on the 
USGS Satellite Image Map of Antarctica (Ferrigno 
et al. 1996) it is called ’’Fletcher Promontory” 
and connected to the mainland. Fletcher Ice Rise 
is labeled “Uott Ice Rise ” on the National Geo- 
graphic Atlas map (National Geographic Society 
1992, p. 102) and on our map. According to Al- 
berts (1995, p. 196), Dott Ice Rise (79°18’S/81° 
48’W) is a much smaller, 30 km long peninsula- 
like feature that is ice-drowned except for Bar- 
rett Nunataks, extending eastward from the Her- 
itage Range and terminating at Constellation In- 
let. This may demonstrate to the reader that fea- 
tures described by field parties or mapped by ex- 
peditions are often hard to identify in other maps 
or satellite data — these difficulties are shared by 
our maps and other maps. 

Korff Ice Rise is 160 km long, 40 km wide and 
about 500 m high (Swithinbank 1988, p. B103), 
here it appears to be over 200 m high. Ice thick- 
nesses of up to 980 m have been measured. As 
noted for Berkner Island, the land mass of Korff 
Ice Rise does not rise above sea level, but reaches 
up to 115 m below sea level (Behrendt 1962; Swith- 
inbank 1988, p. B103, also p. 119ff). Hence Korff 
Ice Rise is not truly an island, because its land- 
mass does not reach above sea level. 

Not much ice flows from the inland into Carl- 
son Inlet (Swithinbank 1988, p. B119). Evans Ice 
Stream enters Ronne Ice Shelf north of Fowler Ice 
Rise; Fowler Ice Rise is a peninsula covered by 
ice. Several small glaciers enter Ronne Ice Shelf on 
Orville Coast, which is a mountainous, high-relief 
coastline (see map m285e267-303n71-77 Ellsworth 
Land) . 
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Ronne Ice Shelf - ERS1 DATA, 1995 
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Map m309e291-327n75-80 Ronne Ice Shelf 



(Coordinates e291-327 correspond to w69-33) 

This map shows the northern parts of the Ronne 
Ice Shelf \ the Filchner Ice Shelf and of Berkner 
Island — separating the two ice shelves in the 
north, which are connected south of Berkner Is- 
land and the western nose of Coats Land 
(see m333e315-351n75-80 Coats Land). The fea- 
tures offshore are large icebergs. For general geo- 
graphic information on the Filchner and Ronne Ice 
Shelves, see description to map m309e291-327n78- 
815 Berkner Island. 

The northern part of the fast-moving Filchner Ice 
Shelf, which is shown on this map, is also shown on 
a LANDSAT 1 MSS satellite image of 1973 (Swith- 
inbank 1988, fig. 76, p. B102). Our map shows the 



ice-surface elevation, which decreases from 80 m 
(above the WGS84 ellipsoid) in the southern part 
of the map to 50 m near the ice front with a gra- 
dient of about 10 m in 10 km (0.1% = 0.057° ) 
to 10 m in 50 km (0.02% = 0.011°), steeper near 
the ice front. The ice front appears to be 40-50 m 
high between Berkner Island and Coats Land. Ice 
surface elevation increases to above 90 m further 
south and above 100 m south of Berkner Island 
(see map m305e291-327n78-815 Berkner Island). 

High surface elevations (to above 100 m) in the 
southeastern corner of the map are caused by in- 
flowing glacier ice that descends from an area of 
southern Coats Land and north and west of the 
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Theron Mountains (see map m333e315-351 n75- 
80 Coats Land). The LANDSAT imagery comple- 
ments our elevation mapping, in as far as it shows 
the flowline pattern in the Filchner Ice Shelf. The 
ice flow diverges north of the line of narrowest dis- 
tance between Berkner Island and Coats Land (see 
map m333e315-351n75-80; this area of the ice shelf 
is shown on map m309e291-327n75-80 Ronne Ice 
Shelf). The fast flow causes the so-called ’’Grand 
Chasms” , a large rupture 100 km long and 400 m 
to 5 km wide, and 53 m deep from top to top 
of sea ice (in 1957; Neuburg et al. 1959), 115 km 
long and 11 km wide in 1973 (Swithinbank 1988, 
p. B101), and 19 km wide in 1985, when it reached 
its maximum width. In 1986, the area north of 
the chasm had separated and formed into icebergs. 
When such a rift reaches an area of diverging flow 
- as is the case here in the northern part - then the 
rift widens because parts of the ice that are closest 
to the flanking land hinges, and rifts perpendicu- 
lar to the ice front form. Seismic measurements 
undertaken by Behrendt during the International 
Geophysical Year 1957-58 (see Behrendt 1962) in- 
dicate thicknesses of 290 m to 640 m in the area, 
about 400 m near the ice front (330-420 m), up 
to 520 m north of the Grand Chasms, and 500- 
610 m immediately south of the Grand Chasms, 
increasing to 610-640 m further upstream on the 
ice shelf (Swithinbank 1988, fig. 76, p. 102). 

Ice-surface elevations in the Ronne Ice Shelf are 
generally lower than those in the Filchner Ice 
Shelf \ they decrease from above 60 m west of 
Berkner Island and in the southern part of this 
map to 20 m near the ice front (above WGS84). 
Higher ice surface elevations in the Ronne Ice Shelf 
are seen on maps m309e231-327n78-815 Berkner 
Island (adjacent to the south), increasing to above 
100 m south of Berkner Island and Henry Ice 
Rise, m280e267-303n78-815 Ellsworth Mountains, 
reaching above 100 m between Henry Ice Rise and 
Korff Ice Rise, and south and west of Korff Ice 
Rise, and on map m285e267-303n75-80 Zumberge 
Coast, where outlet glaciers contribute land ice. 
The ice front of Ronne Ice Shelf appears lower than 
that of Filchner Ice Shelf, however, it is only con- 
toured down to 0 m and may actually be higher. 
(This depends on the geoid in the area; cf. sec- 



tion (C.4). Elevation information is still contained 
in the ATLAS DTM.) The Ronne Ice Shelf has a 
lower surface gradient than the Filchner Ice Shelf. 

There are large areas of ice rumples in Ronne Ice 
Shelf. Actually the largest known area of ice rum- 
ples is shown in a satellite image in Swithinbank 
(1988, fig. 77, p. 104), it is located in Ronne Ice 
Shelf. Rumples form where the ice shelf flows over 
large seafloor shoals, and the ice thickness and sur- 
face elevation increases upstream of the shoal. Ice 
thicknesses of 1000 m were measured by Smith 
(1986) between Korff Ice Rise and Henry Ice Rise 
further south. 

Berkner Island is the world’s largest ice rise 
(378 km long, 150 km wide, and up to 1000 m 
above sea level (Swithinbank 1988, p. 103); max 
elevation on our map is above 800 m; which is 
about the same) . The ice rise is an independent ice 
cap built on a shoal on the continental shelf; the 
highest bedrock elevation is 80 m below sea level 
(Behrendt 1962) — so the land mass of the “is- 
land” does not rise above sea level, which means, 
it is not truly an island. 

The northern part of Berkner Island is mapped 
on m309e291-327n75-80 Ronne Ice Shelf. We can 
see outlet glaciers in McCarthy Inlet and further 
south at (-8500.000 N/650.000 E) UTM (near the 
label ’’Filchner Ice Shelf’). Roberts Inlet can also 
be distinguished. The large glacier draining from 
the mainland into Filchner Ice Shelf is Recovery 
Glacier (in the southeastern corner of the map) . 

Henry Ice Rise is wedge-shaped with a 135 km 
N-S extension in its eastern part and a 120 km E- 
W extension in its southern part; elevations reach 
above 200 m in the satellite-altimetry-derived map 
(notice that actual elevations are usually higher in 
reality, due to effects explained in chapter (C)). Ice 
surface elevations in the Ronne Ice Shelf between 
Henry Ice Rise and southern Berkner Island de- 
crease from 100 m (above WGS 84) to 50 m with 
a fairly even gradient of 10 m in 50 km (0.02% = 
0.011° ; 100 m to 90 m) to 10 m in 70 km (0.014% 
= 0.008°; 60 to 50 m) and with a lesser gradient 
to 40 m. 
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(D.5) Latitude Row 78-81.5° S: Maps from ERS-1 Radar Altimeter Data 




Filchner Ice Shelf - ERS 1 DATA, 1995 



-8750 

-8800 

3 -8850 
E 

-8900 

_C 

o 

c -8950 
-9000 



300 400 500 600 700 

east (km UTM) 

e31 5 — 351 n78-81 5, WGS84, Gaussian variog., central mer. 333, slope 
corrected, scale 1 :5000000, 970724 



Map m333e315-351n78-815 Filchner Ice Shelf 



(Coordinates e315-351 correspond to wf5-9) 

The Filchner Ice Shelf map shows a lot of detail 
in many geographic features, and hence it is an 
excellent example of the capabilities of the Atlas 
mapping using geostatistical analysis of radar al- 
timeter data. Enlarging from the Atlas scale of 
1:5.000.000, even more details become apparent. 
A detail map of Slessor Glacier is given in section 
(F.l), since Slessor Glacier is the largest glacier 
in this area of Antarctica and geographically very 
interesting. 

The map shows a part of Filchner Ice Shelf be- 
tween Luitpold Coast (Coats Land, see m333e315 
n75-80 Coats Land) in the north, the Theron 
Mountains, Slessor Glacier and its drainage basin, 
the area of the Trans antarctic Mountains with ma- 
jor ice streams draining from it in the south. Filch- 
ner Ice Shelf is a fast-flowing Ice Shelf, the flowline 
pattern is in some regions visible in satellite im- 



agery. Parts of Filchner and Ronne Ice Shelves are 
also seen on maps m309e291-327n78-815 Berkner 
Island and m285e267-303n78-815 Ellsworth Moun- 
tains. 

Slessor Glacier is one of the largest coherent 
ice streams known on Earth. It measures about 
500 km from Parry Point upstream (the corner 
point formed by the northern margin of Slessor 
Glacier and the “coast” -line inland ice/ Filchner 
Ice Shelf) as determined by flowlines visible in 
satellite imagery (Swithinbank 1988, fig. 75, p. 
B100), plus 350 km from Parry Point to the ice 
front (Crabtree and Doake 1980), so the glacier 
is at least 850 km long. The drainage basin is 
575.000 km 2 (McIntyre after Swithinbank 1988). 
Slessor Glacier, at its narrowest point, is 30 km 
wide. It descends west with a constant slope of 
0.32° to a flatter area before joining the Filchner 
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Ice Shelf. Surface elevations 10-30 m higher than 
the surrounding ice shelf, mark its protrusion into 
the ice shelf (at (-8900.000 N/400.000 E); Herzfeld 
et al. 2000b). Annual discharge is estimated at 
34 km 3 . No velocity or ice-thickness measurements 
have been made. 

In the south, the glacier is bordered by the Shack- 
leton Range. A 1974 LANDSAT image (Swithin- 
bank 1988, fig. 75, p. B100) of Slessor Glacier and 
the Shackleton Range shows flowlines indicative of 
rapid motion on the glacier and on the part that 
is in the Filchner Ice Shelf. Isolated smooth undu- 
lation between Parry Point and Blaiklock Glacier 
may be indicative of isolated grounded areas in 
otherwise floating ice, so this area may be near 
the grounding line. Comparing this location to the 
Atlas map, the grounding line would coincide with 
the 140 m contour line and coincide with the loca- 
tion of the extension of the line between the inland 
ice and Filchner Ice Shelf. 

Taking calculations of slopes and breaks in slope 
from the detail map into account also, the most 
likely candidate for an approximation of the 
grounding line is the 130 m elevation line. How- 
ever, the “line” is probably included in a ground- 
ing zone, that extends a bit downward and possi- 
bly some distance upstream. 

Ice surface characteristics in the upper reaches of 
Slessor Glacier (at 1000-1500 m a.s.l.) are typical 
of those of a large ice stream, with series of es- 
carpments trending generally across the flowline, 
spaced about 10 km apart and attributed to sub- 
glacial ridges (Swithinbank 1988, fig. 74, p. B99). 
The subglacial topography, as indicated by ice- 
surface features seen in satellite imagery (Swith- 
inbank 1988, fig. 74, p. B99) indicates that the 
Shackleton Range extends eastward under Slessor 
Glacier (Marsh 1985, after Swithinbank 1988). 
The subglacial features are different than those of 
the Gamburtsev Subglacial Mountains. 

On some of the few other discovered subglacial 
features in Antarctica, see map m69e51-87n78-815 
Dome Argus. 

Several small glaciers join Slessor Glacier, both 
from the Tlreron Mountains region and from 
the Shackleton Range, the latter include Strat- 
ton Glacier and Blaiklock Glacier located at the 
tip of the Filchner Ice Shelf. “Blaiklock Glacier” 
(Group) is also a type locality for a geologic unit 



mapped during the “German Expedition into the 
Shackleton Range” (GEISHA) in 1987/88 (see 
Kleinschmidt et al. 1995). 

The Shackleton Range is a northern part and the 
“Filchner part” of the Transantarctic Mountains, 
which extend all the way across the Antarctic con- 
tinent, along the Filchner-Ronne Ice Shelf area, 
close to the South Pole, along the eastern side of 
the Ross Ice Shelf region and back north to Victo- 
ria Land at the South Pacific Ocean side of the 
Antarctic continent. The Transantarctic Moun- 
tains form the boundary between the area called 
’’West Antarctica” (Filchner-Ronne Ice Shelf, Ross 
Ice Shelf, Antarctic Penninsula, Ellsworth Land, 
Marie Byrd Land) and the area called “East 
Antarctica” (a geologically old shield, which in- 
cludes Queen Maud Land, the Lambert Glacier 
region, Wilkes Land, and the Polar Plateau). The 
terms “East” and “West” are, of course, mis- 
nomers. East Antarctica is largely covered by a 
connected, thick ice sheet, whereas West Antarc- 
tica is more geographically featured, and its ice 
’’sheet” is far more susceptible to disintegration 
(see Introduction, chapter (A)). 

The highest peak of the Herbert Mountains , in the 
central part of the Shackleton Range, is Mount 
Absalom (1642 m a.s.l.). The Shackleton Range 
rises to about 1800 m a.s.l. (Alberts 1995). The 
map kriged from altimeter data reaches over 
1600 m in the Herbert Mountains, so the aver- 
aging effect that must be expected from both 
satellite altimetry and kriging is not severe here. 
The Shackleton Range and the Herbert Mountains 
were the destination of the “German Expedition 
into the Shackleton Range” (GEISHA) in 1987/88 
and have been studied for their role in the break- 
up of Gondwanaland, an earlier large continent 
of the Earth (Kleinschmidt and Buggisch 1993; 
Flottmann and Kleinschmidt 1993; Kleinschmidt 
et al. 1995; Helferich and Kleinschmidt 1998; Mil- 
lar and Talarico 1999; Tessensohn et al. 1999; 
Buggisch and Kleinschmidt 1999). 

At (-9000.000 N/320.000 E) another ice tongue en- 
ters Filchner Ice Shelf, this is the ice of Recov- 
ery Glacier (center coordinate (81° 10’S/28° W)), 
a 100 km long and 60 km wide glacier that flows 
west south of the Shackleton Range and turns 
north into Filchner Ice Shelf. Recovery Glacier was 
studied by the Commonwealth Transantarctic Ex- 
pedition in 1957, the name stems from the recovery 
of vehicles that broke into crevasses. 
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Many more large glaciers drain from the Transantarc-by ERS-1 satellite radar altimeter data (and thus 
tic Mountains into Filchner Ice Shelf but are by any radar altimeter data so far) ends at 81.5° 
located outside of the region of radar altime- southern latitude, so detailed elevation maps can- 
ter data coverage. One of those is Support Force not be constructed for the southern central part 
Glacier (center coordinate (82°45’S/46°30’W) in of Antarctica, 
the Pensacola Mountains. Unfortunately, coverage 
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Western Queen Maud Land (South)- ERS1 DATA, 1995 




e339 — 1 5n78 — 8 1 5, WGS84, Gaussian variog., central mer. 357, slope 
corrected, scale 1 :5000000, 990302 



Map m357e339-15n78-815 Western Queen Maud Land (South) 



This map of the Western Queen Maud Land 
(South) may be divided at about the 2200 m con- 
tour into an eastern part, where the surface slopes 
gently down to the west and which belongs to the 
interior of Queen Maud Land, and a western part, 
where the ice surface topography is regionally in- 
fluenced by glacial drainage systems and the east- 
ern part of the Herbert Mountains. 

The basin to the north of the Herbert Mountains 
is the upper part of the Slessor Glacier drainage 



basin. The basin to the south is not as ideally 
shaped as the Slessor Glacier basin and feeds sev- 
eral smaller glaciers south and west of the Slrack- 
leton Range. Ice from both basins drains into the 
Filclmer Ice Shelf. The Herbert Mountains are a 
group of rocky summits east and slightly north 
of the Shackleton Range. They have been stud- 
ied by geologists in connection with the Gondwana 
break-up (Kleinschmidt and Buggisch 1993; Klein- 
schmidt et al. 1995; Buggisch and Kleinschmidt 
1999). 
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Central Queen Maud Land (South) - ERS1 DATA, 1995 
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Map m21e3-39n78-815 Central Queen Maud Land (South) 

This map shows Central Queen Maud Land The surface in the mapped part of Queen Maud 
(South), in general, from the divide between Lam- Land slopes gently (200 m elevation difference over 
bert Glacier drainage basin (on which Valkyrie 200-300 km) from above 3400 m in the east to be- 
Dome is located, see map m45e27-63n75-80 low 2600 m in the west, with a westsouthwesterly 
Valkyrie Dome), and drainage to the eastern coast gradient, 
of the Weddell Sea. 
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corrected, scale 1:5000000, 990219 
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Eastern Queen Maud Land (South)- ERS1 DATA, 1995 




e27 63n78 815, WGS84, Gaussian variog., central mer. 45, slope 
corrected, scale 1 :5000000, 990302 



Map m45e27-63n78-815 Eastern Queen Maud Land (South) 



This map shows the southern part of Eastern 
Queen Maud Land, the highest elevation in the 
center of the map (above 3600 m and increas- 
ing to above 3800 m in the southeastern cor- 
ner of the map) are the continuation of the di- 
vide between interior Queen Maud Land (to the 



west) and the Lambert Glacier drainage basin to 
the northeast, as described on the maps m45e27- 
63n75-80 Valkyrie Dome and m45e27-63n71-77 
Belgica Mountains. The divide rises to the north- 
west slightly, to the height of Valkyrie Dome, lo- 
cated at (77°30’S/37°30’E), just off this map. 
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Dome Argus — ERS1 DATA, 1995 




e51 -87n78-81 5, WGS84, Gaussian variog., central mer. 69, slope 
corrected, scale 1:5000000 990218 



Map m69e51-87n78-815 Dome Argus 

This map is located south of the Lambert Glacier 
maps. Dome Argus is the central feature on the 
map, it is a dome-and-oval-shaped highland or rise 
in elevation to above 4000 m (in our maps). Be- 
cause of the sheer size of Dome Argus, its eleva- 
tions should be accurate on our map. To the north 
and northwest extends the region of the Gam- 
burtsev Subglacial Mountains (cf. map m69e51- 
87n75-80 South of Lambert Glacier), a large sub- 
glacial mountain range, which according to Al- 
berts (1995) reaches as far as under Dome Argus. 



For more information on the Gamburtsev Sub- 
glacial Mountains, the reader is referred to the de- 
scription of map m69e51-87n75-80 South of Lam- 
bert Glacier. 

Dome Argus is the highest ice feature in Antarc- 
tica (of course not the highest mountain — that is 
Mt. Vinson in the Ellsworth Mountains at 5140 m) 
with just over 4000 m elevation. Dome Argus 
(first called “Dome A”) was mapped by the SPRI- 
NSF-TUD airborne radio-echosounding program 
(1967 1979) (Alberts 1995, p. 26). 
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East Antarctica (e75— 1 1 1 n78 — 81 5)— ERS1 DATA, 1995 




east (km UTM) 



e75- 1 1 1 n78 — 81 5, WGS84, Gaussian variog., central mer. 93, slope 
corrected, scale 1:5000000, 990301 



Map m93e75-llln78-815 East Antarctica (e75-llln78-815) 



This map shows part of the interior of East 
Antarctica, the surface is all snow and ice. The 
high elevation area, above 4000 m, in the south- 
west corner of the map is part of Dome Ar- 
gus, the center of which is seen on the west- 
erly adjacent map m69e51-87n78-815 Dome Ar- 
gus. From the corner of Dome Argus, a broad 
ridge continues above the 3600 m contour. This 
ridge continues on the two northerly adjacent 
maps m93e7 5- 1 1 ln7 5-80 and m93e75-llln71-77 
(the small area above 3800 m on this map is the 
same as the one on the next map, its position 
gives an idea of the overlap of maps in the two 
southerly rows), the ridge separates the Lambert 
Glacier drainage basin (to the west and north- 
west), and the Wilkes Land Coast and Ross Ice 
Shelf area to its east. At an elevation of 3200 m, 
drainage to the north (Wilkes Land, Coast of 



Indian-Ocean Sector of circum- Antarctic sea) and 
drainage to the east (Ross Ice Shelf) and north- 
east (Coast of Victoria Land) can be distinguished 
(on the easterly adjacent maps, mll7e99-135n78- 
815 and ml41el23-159n78-815; mll7e99-135n75- 
80 and ml41el23-159n75-80; mll7e99-135n71-77 
and ml41el23-159n71-77). It is best to look at all 
the Wilkes Land maps together to get an idea of 
the general ice divides and drainage basins. (The 
main purpose of the Atlas mapping scheme was 
mapping the coastal features in greater detail.) 

The Vostok Subglacial Highlands (center coor- 
dinate (80°S/102°E)) are a line of subglacial 
mountains which trend NNW-SSE and form an 
easterly extension of the Gamburtsev Subglacial 
Mountains. They were mapped by airborne radio- 
echosounding (Alberts 1995, p. 288). 
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East Antarctica (e99 — 1 35n78-8 1 5)- ERS1 DATA, 1995 




e99- 1 35n78-81 5, WGS84, Gaussian variog., central mer. 117, slope 
corrected, scale 1:5000000, 990219 



Map m!17e99-135n78-815 East Antarctica (e99-135n78-815) 



In this part of East Antarctica, the surface slopes 
generally to the east, and the ice drains to the 
Ross Ice Shelf area, through the Transantarctic 
Mountain Range, as is seen on the easterly ad- 
jacent map (ml41el23-159n78-815 Byrd Glacier). 
The elevation of the ice surface in the map area is 



above 3400 m (about 3500 m, as concluded from 
the slope) to 2600 m. The gradient is 200 m in 
110 km (0.18% = 0.104°; 3000-3200 m) to 200 m 
in 160 km (0.125% = 0.072°; 3200-3400 m and 
2800-3000 m). 





243 



Byrd Glacier — ERS1 DATA, 1995 




£ 



o 

c 



-8750 b 



-8800 b 



-8850 b 



-8900 b 



-8950 b 



-9000 b 




300 




to 

CD 

o 

o 



400 




500 600 700 

east (km UTM) 



el 23-1 59n78-81 5, WGS84, Gaussian variog., central mer. 141, slope 
corrected, scale 1:5000000, 980126 



Map ml41el23-159n78-815 Byrd Glacier 



The area covered by this map extends from 
south (southeast) of Dome Charlie (75°S/125° 
E) in Southern Wilkes Land to the Transantarc- 
tic Mountains west of the Ross Ice Shelf. The 
Transantarctic Mountains are higher than the in- 
land ice to their west and large glaciers such as 
Byrd Glacier cross through the mountain ranges 
from the inland ice to the sea or the Ross Ice Shelf. 

For example, Mt. McClintock in the Britannia 
Mountains north of Byrd Glacier is 3492 m high, 
Mt. Hamilton south of Byrd Glacier is 1990 m 



high, further south are Mt. Wharton (2895 m) and 
Mt. Albert Markham (3207 m) in the Churchill 
Mountains (above small Starslrot Glacier). North 
of Byrd Glacier is Hillary Coast, to the south 
is Slrackleton Coast. Byrd Glacier is one of the 
largest glaciers in the area, it is about 135 km 
long and 24 km wide and drains an extensive area 
of the polar plateau. Byrd Glacier was used by 
Robert Scott and his party to ascend the Antarc- 
tic Inland Ice from the Ross Ice Shelf on their way 
to the South Pole (British Antarctic Expedition, 
1910-1913). 
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Hillary Coast - ERS 1 DATA, 1995 




e147 183n78 815, WGS84, Gaussian variog., central mer. 165, slope 
corrected, scale 1:5000000, 980126 



Map ml65el47-183n78-815 Hillary Coast 



This map shows the southernmost part of the 
Trans antarctic Mountain Range and of the coast 
of the Ross Ice Shelf that is covered by satel- 
lite radar altimeter data. The northern part is a 
part of Hillary Coast, the southern part is a part 
of Slrackleton Coast. Hillary Coast lies between 
Minna Bluff (see map ml65el47-183n75-80 Scott 
Coast) and Cape Selborne, named after Sir Ed- 
mund Hillary, leader of the New Zealand party 
of the Commonwealth Transantarctic Expedition. 
Cape Selborne (80° 23’S/160° 45’E) is a high snow- 
covered cape at the south side of Byrd Glacier. 
South of Byrd Glacier is Shackleton Coast. 

Mountain ranges and glaciers on Hillary Coast 
are (north to south) Royal Society Range, Skel- 
ton Glacier, Worcester Range, Mulock Glacier 
(all described on map ml65el47-183n75-80 Scott 
Coast), Carlyon Glacier, Cook Mountains, Dar- 
win Glacier, Britannia Range (Mt. McClintock 
3490 m), and Byrd Glacier. 

On the Shackleton Coast part of the map are 
(north to south), Byrd Glacier (the boundary be- 
tween Hillary Coast and Shackleton Coast), Mt. 
Field (3010 m), the Churchill Mountains (extend- 



ing « 100 km south along the coast), Nursery 
Glacier, Mt. Nares and Swithinbank Range (off 
coverage!). 

Ross Ice Shelf extends to 85.5° South (Amundsen 
Coast with Amundsen Glacier and Scott Glacier, 
among others). 

Byrd Glacier is the most dominant glacier in this 
area. Its large drainage basin extends inland for 
several hundred kilometers. Lower Byrd Glacier is 
23 km wide and shows significant flowlines indica- 
tive of high velocities in satellite images (Swithin- 
bank 1988, fig. 23-25, p. B22-B30). (Byrd Glacier 
is at the southern extremity of LAND SAT cover- 
age!) 

Byrd Glacier is one of the largest valley glaciers 
of the Earth and possibly the most active out- 
let glacier of East Antarctica (Swithinbank 1988, 
p. B24-B25). The ice surface is heavily crevassed 
as seen in aerial photographs. According to McIn- 
tyre (after Swithinbank 1988), the drainage area 
is 1.012.000 km 2 , greater than that of any other 
glacier in the world. Byrd Glacier follows a gently 
curving fjord trough with maximal vertical relief of 
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5000 m (peaks to bottom of trough). Over 180 km 
length the surface falls from 1400 m to 70 m, 
the valley through the Transantarctic Mountains 
is 100 km long. The glacier has been traced by 
radio-echosounding measurements for a length of 
430 km (Shabtaie and Bentley 1982). The glacier 
is afloat downstream of the narrowest point of the 



valley, there still 22 km wide. The grounding line 
is considered to lie about 40-50 km south of Cape 
Selborne (seaward edge), there the glacier is 1300- 
1500 m thick. Ice thickness near Cape Selborne is 
600-700 m, about 100 km upstream it is 3000 m. 
Bare ice 30-60 km up from the headlands is in- 
dicative of ablation due to katabatic winds. 
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corrected, scale 1:5000000, 990219 



Map ml89el71-207n78-815 Ross Ice Shelf 



(Coordinates el71-20 1 correspond to wl89-153) 

This map is named ’’Ross Ice Shelf’ because most 
of the map area is covered by shelf ice surface — 
white and no contours, as the ice shelf is flat at 
this scale, except for the area where ice streams 
enter, in the eastern part of the map (Ice Streams 
E (north) and D (south)). The ice edge is not 
mapped — the Ross Ice Shelf edge is not captured 
well in the radar altimeter data (compared to the 
Amery Ice Shelf and the Filchner and Ronne Ice 
Shelves). In the Ross area, the elevation of the 
geoid relative to the ellipsoid is much lower than 
in the Filchner- Ronne Area, but negative contour 
lines did not reveal the shelf ice edge — hence it 
is not included in the data set. The shelf ice edge 
is mapped best for the Amery Ice Shelf (see map 
m69e61-77n67-721 Lambert Glacier or detail map 
5 Lambert Glacier, section (F.5)). 

Roosevelt Island , the main geographic feature on 
the map, is an ice rise about 140 km long in 
northwest-southeast direction and 60 km wide. An 
ice rise is ice that does not flow in the direction of 
the surrounding ice but rests on a seafloor shoal 



on rocks, i.e. it is an ice-covered island. Accord- 
ing to Alberts (1995, p. 629) its northern tip is 
only 5 km from the ice edge at the Bay of Wales, 
and its elevation is 550 m, which matches the el- 
evation on the ERS-1 map (approximately, by ex- 
trapolation of the gradient). Ice thickness is 750 m, 
according to the National Geographic Atlas map 
(National Geographic Society 1992, p. 102). The 
island was discovered in 1934 by the Antarctic Ex- 
pedition led by Richard Byrd and named after the 
contemporary president of the United States of 
America, Franklin Roosevelt. Roosevelt Island is 
also partly seen on map ml89el71-207n75-80 Roo- 
sevelt Island, m213el95-231n78-815 Shirase Coast 
and m213el95-231n75-80 Saunders Coast, which 
gives an impression of the overlap of adjacent 
maps. 

The small section of coastline in the southeastern 
corner of the map is part of Siple Coast (see also 
map m213el95-231n78-815 Shirase Coast) of Byrd 
Land. 
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Shirase Coast — ERS1 DATA, 1995 




e195 231n78 815, WGS84, Gaussian variog., central mer. 213, slope 
corrected, scale 1:5000000, 980126 



Map m213el95-231n78-815 Shirase Coast 



(Coordinates el95-231 correspond to wl65-129) 

Shirase Coast and Siple Coast form the eastern 
margin of the Ross Ice Shelf and are mapped here 
as far south as the coverage of ERS-1 radar al- 
timeter data extends (to 81.5° S). Siple Coast ex- 
tends from the north end of Gould Coast (83° 
30’S/153°W) to the south end of Shirase Coast 
(80° 10’S/151° W). (Paul Siple was a member of 
the expedition led by Byrd.) The coastline at Siple 
Coast is relatively ill-defined. 

Shirase Coast extends from the mentioned point to 
Cape Colbeck (77°07’S/157°54’W), the extreme 
northwest tip of Edward VII Peninsula and hence 
of Marie Byrd Land (seen on map m213el95- 
231n75-80 Saunders Coast, where the name ’’Ed- 
ward VII Peninsula” is printed too far south) . Shi- 
rase was leader of a 1912 Japanese Antarctic Expe- 
dition. Further south are Gould Coast, the Queen 
Maud Mountains and Dufek Coast (all south of the 
Ross Ice Shelf). The eastern margin of the Ross Ice 
Shelf is characteristically different from the south- 
ern and western margins. The southern and west- 



ern margins are dominated by the Transantarc- 
tic Mountains with local glaciers that originate in 
the mountains and flow towards the ice shelf and 
with large outlet glaciers that drain ice from the 
polar plateau and southern Wilkes Land to the 
ice shelf. The ice surface elevations of Marie Byrd 
Land to the west of the Transantarctic Mountains 
and to the west of the Ross Ice Shelf are lower (ap- 
proximately 1500-2000 m) than those of the polar 
plateau and Wilkes Land east of the Trantantarc- 
tic Mountains (2500-3000 m). The dominant fea- 
ture of the western margin are the large West 
Antarctic Ice Streams, A, B (Whillans), C, D, E 
(from south to north), which drain ice from Marie 
Byrd Land. The ice streams are flowing faster than 
the surrounding ice. The ice streams have been 
the objective of intensive studies but still many 
questions are unanswered (e.g. Bindschadler 1991, 
Alley and Bindschadler 2001). Good satellite im- 
age maps of the West Antarctic Ice Streams are 
available through the U.S. Geological Survey. 
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In the classes of fast-moving ice (Clarke 1987), the 
fast Antarctic Ice Streams form their own class, 
sharing some properties with fast-moving glaciers 
because of reduced friction at their bottom but 
having absolutely much lower velocity than fast 
glaciers (e.g. Jakobslravns Isbrae, a continuously 
fast-flowing glacier in West Greenland, has a veloc- 
ity of 19 km per year, whereas the West Antarctic 
Ice Streams flow 400-700 m per year). 

Morphologically, the drainage basin of Ice Stream 
E extends 600 km eastnortlreast into Marie Byrd 
Land north of Rockefeller Plateau, as seen on this 
map and on the eastward adjacent map m237e219- 
255n78-815. On map m237e219-255n75-80, the 
head of the drainage is seen which lies in an ice 
divide southeast of Executive Committee Range. 

Rockefeller Plateau (center coordinate (80°S/135° 
W)) is an extensive, ice-covered plateau at about 
1000-1500 m elevation, bordered by Siple Coast, 
Shirase Coast to its west and Ford Range, Flood 
Range, and Executive Committee Range to its 
north. 

The ice surface of the ice shelf is elevated up to 
50 m due to inflow from Ice Streams E and D. 
South of Ice Stream D, the surface rises to Siple 
Dome, a much-studied feature, an ice dome be- 
tween Ice Streams D and C (to the Dome’s south). 
The inlet on Shirase Coast on this map is the bay 
in which Ice Stream F terminates. Ice Stream F 
is much smaller and shorter than Ice Streams D 
and E. Roosevelt Island bifurcates the flow of Ice 
Stream E such that less than half the discharge 
from E flows to the east of the island and more 
than half of E and the total output of D flow to 
the west. 



Ice Stream D drains an area of 170.000 km 2 (McIn- 
tyre after Swithinbank 1988) and should have a 
balance discharge of 27 km 3 a -1 . Ice Stream E 
drains an area of 154.000 km 2 and has a balance 
discharge of 22 km 3 a _ 1 . The margins of Ice Stream 
E are well-defined in a satellite image (Swithin- 
bank 1988, p. B135-B136, fig. 101 and 102), the 
fact that the margins are so well-defined in satellite 
imagery is attributed to the fact that bottom melt- 
ing occurs under Ice Stream E but not on either 
side (Rose 1979). Below the ice streams, bedrock is 
several hundred meters below sea level. The sur- 
faces of the ice streams show flowlines, rumples, 
and crevasses whereas the surfaces of Siple Dome 
and other slow-moving ice are smooth at this scale. 

Ice Stream B (Whillans) moves 827 m a -1 , Rut- 
ford Ice Stream flows at 400 m a -1 into the Ronne 
Ice Shelf (Doake et al. 1987). It has been observed 
that ice streams change speed — Ice Stream C 
dropped its velocity in «1730 A.D. from «700 
m a -1 to its present 5 m a^ 1 . It is not under- 
stood, why ice streams switch between fast and 
slow movement, and how and where the transition 
between sheet flow of the Greenland or Antarc- 
tic Ice Sheets («30 m a -1 ) and ice stream flow 
occurs, if bed-topographic boundaries are not the 
cause (i.e. for all the ice streams that do not follow 
a trough). Ice Stream B has been found to slide on 
an 8 m thick sediment layer, which may serve to 
explain fast flow despite low driving stress (Alley 
et al. 1986). Engelhardt et al. (1990) report that 
the base of Ice Stream B is at the melting point 
and the basal water pressure is close to the ice 
overburden pressure, which may explain the fast 
flow of the ice stream by basal sliding or shear 
deformation of sediments. 




250 



Southern Marie Byrd Land — ERS1 BATA, 1995 




e21 9-255n78-81 5, WGS84, Gaussian variog., central mer. 237, slope 
corrected, scale 1:5000000, 980123 



Map m237e219-255n78-815 Southern Marie Byrd Land 



(Coordinates e219-255 correspond to wl^l-105) 

This map shows part of Marie Byrd Land in West 
Antarctica, at an elevation of below 400 m to 
above 1800 m. Marie Byrd Land is lower than 
the Polar Plateau and Wilkes Land east of the 
Transantarctic Mountains. The ice thickness in the 
interior is 2500 m, so the ice bottom is approxi- 
mately 1000 m below sea level in the central part 
of Marie Byrd Land. The ice drains to the west 
and westsouthwest, the 400 m contour marks the 
drainage of Ice Stream D\ the 600 m part north of 
Rockefeller Plateau indicates the direction of the 
valley of Ice Stream E (on the westerly adjacent 



map, m213el95-231n78-815 Shirase Coast). The 
surface rises towards an ice divide above 1600 m, 
which runs from the Executive Committee Range 
to the southeast. Byrd Surface Camp (USA) is 
near (80° S/ 120° W), or (80° S/240°E). The sur- 
face gradient increases with lower elevations, from 
a very low gradient similar to those found in cen- 
tral East Antarctica (200 m over 120 km) between 
1400 m and 1600 m to 200 m over 30 km between 
600 m and 800 m elevation in the ” valley” of Ice 
Stream E. 
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Southern Hollick-Kenyon Plateau — ERS1 DATA, 1995 
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Map m261e243-279n78-815 Southern Hollick-Kenyon Plateau 



(Coordinates e2f 3-279 correspond to wl 17-81) 

This map shows the interior of West Antarc- 
tica in the region of southeastern Marie Byrd 
Land containing the southern part of Hollick- 
Kenyon Plateau, and an area south of Ellsworth 
Land, west of the Ellsworth Mountains and east 
of Hollick-Kenyon Plateau that is not named. 
Hollick-Kenyon Plateau is a large, relatively fea- 
tureless snow plateau, centered at (78°S/105° W), 
which was discovered by Lincoln Ellsworth on his 
transantarctic airplane flight in 1935 and named 
for his pilot, Herbert Hollick-Kenyon. 

This map also contains the lowest known bedrock 
point in Antarctica, -2538 m at approximately 
(110° W/80° 30’S). 

In the northeast of the map are parts of the 
Ellsworth Mountains, which border the Ronne 
Ice Shelf and consist of the Sentinel Range (77.3- 



79°S/~85°W) in the north, trending N-S, and 
the Heritage Mountains (79-80.5° S/~85°W) in 
the south, trending NW-SE. The Sentinel Range 
contains the Antarctic continent’s highest moun- 
tain, Vinson Massif (78° 35’S/85° 25’W) peak- 
ing at 5140 m above sea level. A geologic bib- 
liography of the Ellsworth Mountains is given 
by Webers and Splettstoesser (1982). Parts of 
the Ellsworth Mountains are also seen on maps 
m261e243-279n75-80 Northern Hollick-Kenyon 
Plateau and m285e267-303n78-815 Ellsworth 
Mountains, where a more detailed description is 
given. For the geology of these mountain ranges, 
see Tingey (1991). 

Drainage to the north of this map is to Walgreen 
Coast, drainage to the east and to the southeast 
is to the Ronne Ice Shelf. 
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Ellsworth Mountains — ERS1 DATA, 1995 
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Map m285e267-303n78-815 Ellsworth Mountains 



(Coordinates e267-303 correspond to w93-57) 

The map m285e267-303n78-815 named after the 
Ellsworth Mountains shows the area of this moun- 
tain range, the southwestern part of the coast 
of Ronne Ice Shelf, and the ice shelf itself. The 
Ellsworth Mountains and the area of Fletcher 
Ice Rise (labeled Dott Ice Rise), and Skytrain Ice 
Rise, Rutford Ice Stream and neighbouring glaciers 
are described on the northerly adjacent map 
m285e267-303n75-80 Zumberge Coast. Heritage 
Range, the southeastern part of the Ellsworth 
Mountains, is shown on this map. It is lower than 
Sentinel Range. 

Skytrain Ice Rise is an almost round ice rise, here it 
appears to be connected. Alberts (1995) lists Sky- 
train Ice Rise indeed as a large, flattish peninsula- 
like ice rise of 80 km extent (Skytrain is an airplane 
type). The USGS Satellite Image Map (Ferrigno 
et al. 1996) shows Union Glacier draining out of 
the central Heritage Range, and flowing east to- 
wards Skytrain Ice Rise, then north towards Min- 
nesota Glacier/ Rutford Ice Stream. The valley of 



Union Glacier is seen in the ERS-1 map. Patriot 
Hills (80° 20’S/81° 25’W), an 8 km long line of rock 
hills just south of Heritage Range, are the staging 
location for research operations and mountaineer- 
ing expeditions in the Ellsworth Mountains. The 
geology of the Ellsworth Mountains is treated in 
Tingey (1991). A short summary is given in the de- 
scription of map m285e267-303n75-80 Zumberge 
Coast. 

Hercules Inlet (80° 05’S/78° 30’W) is a large, nar- 
row, ice-filled inlet which forms part of the south- 
west margin of Ronne Ice Shelf. It is bounded on 
the west by Heritage Range and in the north by 
Skytrain Ice Rise. (Hercules is an airplane type 
used for transport in Antarctica.) The ice streams 
entering Ronne Ice Shelf further south are not 
named. 

In the area of the map are two of the larger ice rises 
in the interior of Ronne Ice Shelf, Korff Ice Rise 
and Henry Ice Rise. Korff Ice Rise is 160 km long, 
40 km wide and, according to Swithinbank (1988, 
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p. B103), about 500 m high, here it appears to be 
over 200 m high. Ice thicknesses of up to 980 m 
have been measured. As noted for Berkner Island, 
the land mass of Korff Ice Rise does not rise above 
sea level, but reaches up to 115 m below sea level 
(Behrendt 1962; Swithinbank 1988, p. B103, also 
p. 119ff). Hence Korff Ice Rise is not truely an is- 
land, because its landmass does not reach above 
sea level. 



Henry Ice Rise (80°35’S/62° W) is a triangular 
shaped ice rise (described on map m309e291- 
327n78-815 Berkner Island) of over 200 m ele- 
vation, it has a northern tip and a western tip. 
(Captain Clifford Henry had been to Antarctica 
14 times in support of the US Antarctic Pro- 
gram.) Between Korff and Henry Ice Rises are 
the Doake Ice Rumples (79°45’S/67° W), an area 
of disturbed ice at the elevated area (> 100 m) 
(named after Christopher Doake, glaciologist at 
the British Antarctic Survey). 
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Berkner Island — ERS1 DATA, 1995 
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Map m309e291-327n78-815 Berkner Island 



(Coordinates e291-327 correspond to w69-33) 

This map shows the central part of the Filchner- 
Ronne Ice Shelf with Berkner Island and Henry 
Ice Rise. 

Filchner-Ronne Ice Shelf is the large ice shelf sepa- 
rating the Antarctic Peninsula and Ellsworth Land 
from Queen Maud Land and the Transantarctic 
Mountains (here the Pensacola Mountains), lo- 
cated south of the Weddell Sea. Formally, there are 
two ice shelves, the (western) Ronne Ice Shelf and 
the (eastern) Filchner Ice Shelf which are sepa- 
rated by the large Berkner Island in the north and 
connected south of Berkner Island. The Filchner- 
Ronne Ice Shelf and the Ross Ice Shelf are the two 
large ice shelves of the Antarctic continent; they 
are both part of so-called ’’West Antarctica” (see 
description of map m333e315-351n78-815 Filchner 
Ice Shelf); the Lambert Glacier/Amery Ice Shelf 
system is the largest ice-stream/ice-shelf system 
in East Antarctica and much smaller than the two 
West Antarctic ice shelves. 



Filchner Ice Shelf is a fast-moving ice shelf (Swith- 
inbank 1988, p. B101). Measured velocities vary 
around an average of 1240 ma" 1 (Crabtree and 
Doake 1980) with a maximum of 2 km a -1 north 
of the Grand Chasms (Orheim 1979; on the Grand 
Chasms, see below). 

The flowline pattern is visible in LAND SAT 
1MSS satellite imagery (Swithinbank 1988, fig. 
76, p. B102), the ice flow diverges north of the 
line of narrowest distance between Berkner Island 
and Coats Land (see map m333e315-351n75-80 
Coats Land; this area of the ice shelf is shown on 
map m309e291-327n75-80 Ronne Ice Shelf). The 
fast flow causes the so-called ’’Grand Chasms”, 
a large rupture 100 km long and 400 m to 5 km 
wide, and 53 m deep from top to top of sea ice 
(in 1957; Neuburg et al. 1959), 115 km long and 
11 km wide in 1973 (Swithinbank 1988, p. B101), 
and 19 km wide in 1985, when it reached its max- 
imum width. In 1986, the area north of the chasm 
had separated and formed into icebergs. When 
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such a rift reaches an area of diverging flow - as is 
the case here in the northern part - then the rift 
widens because parts of the ice that are closest to 
the flanking land hinges, and rifts perpendicular 
to the ice front form. 

Berkner Island is the world’s largest ice rise 
(378 km long, 150 km wide, and up to 1000 m 
above sea level (Swithinbank 1988, p. B103); max 
elevation on our map is above 800 m; which is 
about the same) . The ice rise is an independent ice 
cap built on a shoal on the continental shelf; the 
highest bedrock elevation is 80 m below sea level 
(Behrendt 1962) — so the land mass of the “is- 
land” does not rise above sea level, which means, 
it is not truly an island. 

The northern part of Berkner Island is mapped 
on m309e291-327n75-80 Ronne Ice Shelf. We can 
see outlet glaciers in McCarthy Inlet and further 



south at (-8500.000 N/650.000 E) UTM (near the 
label ’’Filchner Ice Shelf’). Roberts Inlet can also 
be distinguished. The large glacier draining from 
the mainland into Filchner Ice Shelf is Recovery 
Glacier (in the southeastern corner of the map) . 

Henry Ice Rise is wedge-shaped with a 135 km 
N-S extension in its eastern part and a 120 km E- 
W extension in its southern part; elevations reach 
above 200 m in the satellite-altimetry-derived map 
(notice that actual elevations are usually higher in 
reality, due to effects explained in chapter (C)). Ice 
surface elevations in the Ronne Ice Shelf between 
Henry Ice Rise and southern Berkner Island de- 
crease from 100 m (above WGS 84) to 50 m with 
a fairly even gradient of 10 m in 50 km (0.02% = 
0.011° ; 100 m to 90 m) to 10 m in 70 km (0.014% 
= 0.008°; 60 to 50 m) and with a lesser gradient 
to 40 m. 




Part III 



Applications 




(E) Monitoring Changes in Antarctic Ice Surface Topography: 
The Example of the Lambert Glacier/Amery Ice Shelf System 



(E.l) The Problem of Monitoring Changes 



Changes in the mass of the Antarctic Ice Sheet 
are essential in studying the Earth’s changing cli- 
mate and sea level. The large ice streams and out- 
let glaciers play a key role, as described in the 
introduction (chapter (A)). 

Maps produced from radar altimeter data, as the 
maps in this Atlas, provide a good basis for mon- 
itoring changes in the large outlet glaciers and ice 
streams, because 

(1) maps show actual elevation, so height / elevation 
differences may be calculated, 

(2) maps have a high grid resolution, which fa- 
cilitates study of fairly small glaciers (several 
times 3 km wide), 

(3) detailed geostatistical mapping results in maps 
with fairly accurate slopes (compared to other 
attempts of mapping from altimetry); this is 
due to the variography; 

(4) the Atlas grids, based on UTM grids with rect- 
angular coordinates with meter units allow to 
calculate mass gain/loss directly from the dig- 
ital terrain models (approximately, for the 3 
km squares of the grids). 

Monitoring outlet glaciers, their extension, ad- 
vance and retreat and their potential gain or loss 
of mass from atlas-type maps is also a feasible ap- 
proach, because altimetry and 3-km-grid mapping 
both involve relatively low clata-storage require- 
ments and computational effort (compared to SAR 
data, for instance, and their processing). 



A monitoring study is presented here for Lambert 
Glacier / Amery Ice Shelf, (a) to give a demon- 
stration of this important application, and (b) as 
a study of the most important ice-stream/ice-shelf 
system in East Antarctica. (For more details, see 
Herzfeld et al. 1997; Herzfelcl 1999.) 

Lambert Glacier has a catchment area of about 
10 percent of the entire ice sheet. To investigate 
advance and retreat of an ice-stream/ice-shelf sys- 
tem, it is not useful to look at the shelf-ice edge, 
because large icebergs break off at irregular time 
intervals, and the ice edge is difficult to moni- 
tor. For an ice-stream/ice-shelf system, the po- 
sition of the grounding line is directly related 
to advance and retreat, and to changes in mass. 
Small changes in ice thickness translate into large 
changes in grounding line position (for geomet- 
rical reasons because of the small surface slope 
typical of Antarctic ice streams). Therefore the 
grounding line is a feature suitable to monitor 
changes - if it can be observed. The geostatis- 
tical evaluation technique for the first time pro- 
vided a means to map the grounding line from 
satellite data (Herzfeld et al. 1993). The princi- 
ples are: Based on a model that assumes idealized 
bedrock and perfect plasticity of ice, Weertman 
(1974) showed that the surface slope of an ice sheet 
decreases with the transition from grounded to 
floating ice. Using this result, a break in slope may 
be taken as a grounding-line indicator. A transi- 
tion in slope occurs in the Lambert Glacier map 
between -7925.000 and -7825.000 N (UTM). In ad- 
dition, the topography changes here from rougher 
areas indicative of grounded ice to smoother areas 
indicative of floating ice. This coincides with the 
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Figure E.2-1. Flowdiagram of mapping, interpolation, and evaluation procedures to monitor 
changes in ice streams. 



location of the grounding line as mentioned in the 
literature (Mellor and McKinnon 1960; Budd et al. 
1982; Zwally et al. 1987; Partington et al. 1987; cf. 
Herzfeld et al. 1993, 1994). 

In this chapter, we use time series of satellite- 
altimetry-based digital terrain models to study 
changes in the Lambert Glacier/ Amery Ice Shelf 
system over the time from 1978 to 1989 derived 
from data of SEASAT and the GEOSAT Ex- 
act Repeat Mission (ERM). Lambert Glacier and 
Amery Ice Shelf form the largest ice-stream/ice- 
shelf system in East Antarctica, with a drainage 



basin of about 870 000 km 2 (Giovinetto and Bent- 
ley 1985; McIntyre 1985). Lambert Glacier is the 
only major Antarctic ice stream whose grounding 
line lies north of 72° S, well within the coverage 
of SEASAT and GEOSAT. This makes it the ice 
stream with the longest record of radar altimeter 
observations. Field work in the Amery Ice Shelf 
area conducted by Australian expeditions during 
1962-1965 and 1968-1971 (Budd et al. 1982) and 
in recent years (I. Allison, pers. comm., 1993) in- 
cluded velocity measurements along profiles and 
determination of the location of the grounding 
line in a few points. Higham et al. (1995) used 
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a 100 MHz ice radar in a traverse around the 
hinterland of the Lambert Glacier Basin and dis- 
covered that the Lambert Graben structure ex- 
tends upstream of (lower) Lambert Glacier and 
is occupied by (upper) Lambert Glacier and Mel- 
lor Glacier. Brooks et al. (1983) and Zwally et 
al. (1987) analyzed SEASAT radar altimeter data, 
Partington et al. (1987) radar altimeter waveform 
data from few SEASAT tracks for identification 
of grounding line positions and crevasse fields. In 
a comparison of maps derived from geostatistical 
evaluation of radar altimeter data from SEASAT 
(1978) and GEOSAT ERM (1987-1989), we ob- 
served that the grounding line of Lambert Glacier 



advanced in this time period (Herzfeld et al. 1993, 
1994). This is consistent with an overall increase 
in surface elevation deduced from crossover anal- 
yses (Lingle et al. 1994). These observations raise 
the questions whether the observed advance of the 
grounding line occurred gradually, and whether 
the observed overall elevation increase is common 
to the lower Lambert Glacier, the grounding zone, 
and the Amery Ice Shelf. With this goal in mind, 
and as a first step towards understanding the dy- 
namics of the ice-stream/ice-shelf system, eleva- 
tion changes are studied separately for grounded 
ice, floating ice, and the grounding zone. 



(E.2) Time Series of Digital Terrain Models and Maps 



Time series of digital terrain models are con- 
structed from sets of SEASAT- and GEOSAT- 
ERM-altimeter data, using the geostatistical 
method described below. Each point in a time 
series corresponds to a map of the Lambert 
Glacier/ Amery Ice Shelf area, represented by a 
DTM, or, in mathematical terms, by a three- 



dimensional array (easting, northing, elevation). 
Changes in the ice-stream/ice-shelf system are de- 
rived from visual or quantitative comparisons of 
points in the time series. The procedure is sum- 
marized in the flow diagram in Figure E.2-1 and 
described below. 
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(E.3) Altimeter Data: Acquisition and Corrections 



To produce a time series, we need data from 
different satellites and different times: SEASAT, 
GEOS AT, and ERS-1 and -2 altimeter data are 
utilized. SEASAT was only in operation for a pe- 
riod of about three months in austral late winter 
(10 July - 9 October, 1978). To avoid seasonal ef- 
fects such as changes in penetration depth (Ridley 
and Partington 1988) and precipitation, time win- 
dows corresponding in season to the SEASAT op- 
eration time have been selected from the GEOSAT 
ERM data in 1987, 1988, and 1989. Notice that 
(other than in the Atlas mapping, where GEOSAT 
GM data are used), here data from the Exact Re- 
peat Mission are used — the tracks of each satel- 
lite revolution around the Earth repeat the previ- 
ous ones exactly, and also those of the SEASAT 
mission. Track maps for SEASAT and GEOSAT 
for the study area are given in chapter (B) above 
(Fig. B.2.1-1 and Fig. B.2.1-2). This reduces errors 
in the comparison (cf. chapter (B) on Satellite Re- 
mote Sensing). The processing is similar to that 
of the Atlas data: The altimeter-derived surface 
heights are referenced to Goddard Earth Model 
(GEM) T2 orbits (Marsh et al. 1989) and cor- 
rected for tracking errors (Martin et al. 1983), at- 
mospheric effects and solid Earth tides (Zwally et 
al. 1983) and water-vapor effects by the ice-sheet- 
altimetry group at NASA Goddard Space Flight 
Center, Greenbelt, Maryland, USA. For accurate 
topographic mapping, the data are also corrected 
for the effect that the radar signal is first received 
from the point of closest approach rather than 
from the point at nadir (slope correction), follow- 
ing a method described in Brenner et al. (1983). 
For calculation of elevation changes, however, the 
slope correction is best not applied, because it in- 
duces an additional error. 

We will present two types of maps: 

(1) Maps from corrected, but not slope-corrected 
data will be presented as the optimal basis to cal- 
culate elevation changes, and 

(2) maps from corrected and slope-corrected data 
will be presented to provide a basis for visual com- 
parison with other Lambert Glacier maps. 

Surface elevations are given relative to the WGS84 
ellipsoid unless stated otherwise (see section (C.4) 
on the role of the geodetic reference surface) . The 
data, originally referenced to geographical coordi- 



nates, are transformed into Universal Transverse 
Mercator (UTM) coordinates, using 70° eastern 
longitude as central meridian which is mapped 
to coordinate 500000 (Snyder 1987). The area is 
bounded by 66° -75° eastern longitude and 68° - 
72.1° southern latitude, and is rectangular after 
transformation into UTM coordinates with dimen- 
sions 309 km east-west by 444 km north-south 
(Herzfeld et al. 1994). The typical spatial distri- 
bution of the satellite-altimeter data is shown in a 
map of groundtracks (Herzfeld et al. 1994, fig. 1); 
the distribution is characterized by dense measure- 
ments along the tracks with gaps of about 25 km 
between tracks and interruptions in the tracks, 
which are likely to occur along the glacier mar- 
gin and in other places of rapid changes in surface 
gradient, which may lead to loss of the return sig- 
nal and to retracking problems. 

The maps are calculated using kriging with the 
GEOSAT variogram (Gaussian, nugget effect 
= 250 m , quasi-sill 593 m 2 , and quasi-range 
18000 m, see section (C.3)). All DTMs presented 
have a grid interval of 3 km, which is approxi- 
mately three times the ice thickness in the ground- 
ing zone (ice thickness is 800 m according to Buclcl 
et al. 1982). A digital terrain model is calcu- 
lated for each of the following 10 data sets, 5 
time/satellite options and 2 processing options: 

(a) SEASAT (1978) 

(b) GEOSAT (1987), SEASAT time window 

(c) GEOSAT (1988), SEASAT time window 

(d) GEOSAT (1989), SEASAT time window 

(e) GEOSAT (1987-1989), SEASAT time win- 
dows, 

with 

(1) GEM-T2-referenced, corrected, but not slope- 
corrected data, 

(2) GEM-T2-referenced, corrected, slope-corrected 
data. 

which yields the following maps: 
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Map Lambert. Seasat. 1978. corr (E.3-1) 
Map Lambert. Seasat. 1978. slcorr (E.3-2) 
Map Lambert. Geosat. 1987. corr (E.3-3) 
Map Lambert. Geosat. 1987. slcorr (E.3-4) 
Map Lambert. Geosat. 1988. corr (E.3-5) 
Map Lambert. Geosat. 1988. slcorr (E.3-6) 
Map Lambert. Geosat. 1989. corr (E.3-7) 
Map Lambert. Geosat. 1989. slcorr (E.3-8) 



Map Lambert. Geosat. 1987-89. corr (E.3-9) 
Map Lambert. Geosat. 1987-89. slcorr (E.3-10) 



The 1987-89 GEOSAT map is also presented with 
reference to the GEM-T3 geoid and the OSU91A 
geoid (see section (C.4.2): Fig. C.4.2-2 and Fig. 
C.4.2-3). 

In Herzfeld et al. (1997), the effects of frequency 
filtering of the data are also studied. Frequency 
filtering is found to be disadvantageous. 
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LAMBERT GLACIER AND AMERY ICE SHELF- SEASAT DATA 
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Figure E.3-1. Map Lambert. Seasat. 1978. corr. Lambert Glacier/Amery Ice Shelf area surface 
elevation used as basis for calculation of elevation changes; not slope-corrected. Scale 1:3.000.000. 

Elevations in meters above WGS84 ellipsoid. DEM calculated using ordinary kriging with Gaussian variogram 
model. 
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LAMBERT GLACIER AND AMERY ICE SHELF- SEASAT DATA 
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Figure E.3-2. Map Lambert. Seasat. 1978. slcorr. Topography of Lambert Glacier and Amery Ice 
Shelf from 1978 SEASAT radar altimeter data. Scale 1:3.000.000. Elevations in meters above WGS84 
ellipsoid, GEM-T2-referenced, slope-corrected. DEM calculated using ordinary kriging with Gaussian variogram 
model. 
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LAMBERT GLACIER AND AMERY ICE SHELF - GEOSAT DATA, 1987 




GEM T2-refd., Gaussian variog., MJD 46987-47078, 
ameryoned2.dtm, 930706 
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Figure E.3-3. Map Lambert. Geosat. 1987. corr. Lambert Glacier/Amery Ice Shelf area surface el- 
evation used as basis for calculation of elevation changes; not slope-corrected. Scale 1:3.000.000. 

Time frame corresponds in season to SEASAT data. Elevations in meters above WGS84 ellipsoid. DEM calcu- 
lated using ordinary kriging with Gaussian variogram model. 
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LAMBERT GLACIER AND AMERY ICE SHELE - GEOSAT DATA 




GEM T2 — refd., slope corrected, Gaussian variog., 
ameryonem.dtm, 930729 
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Figure E.3-4. Map Lambert. Geosat. 1987. slcorr. Topography of Lambert Glacier and Amery Ice 
Shelf from 1987 GEOSAT radar altimeter data. Scale 1:3.000.000. Time frame corresponds in season 
to SEASAT data. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, slope-corrected. DEM 
calculated using ordinary kriging with Gaussian variogram model. 
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LAMBERT GLACIER AND AMERY ICE SHELF - GEOSAT DATA, 1988 
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Figure E.3-5. Map Lambert. Geosat. 1988. corr. Lambert Glacier/Amery Ice Shelf area surface el- 
evation used as basis for calculation of elevation changes; not slope-corrected. Scale 1:3.000.000. 

Time frame corresponds in season to SEASAT data. Elevations in meters above WGS84 ellipsoid. DEM calcu- 
lated using ordinary kriging with Gaussian variogram model. 
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LAMBEFT GLACIER AND AMERY ICE SHELL - GEOSAT DATA 
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Figure E.3-6. Map Lambert. Geosat. 1988. slcorr. Topography of Lambert Glacier and Amery Ice 
Shelf from 1988 GEOSAT radar altimeter data. Scale 1:3.000.000. Time frame corresponds in season 
to SEASAT data. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, slope-corrected. DEM 
calculated using ordinary kriging with Gaussian variogram model. 




GEOSAT DATA, 1989 
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Figure E.3-7. Map Lambert. Geosat. 1989. corr. Lambert Glacier/Amery Ice Shelf area surface el- 
evation used as basis for calculation of elevation changes; not slope-corrected. Scale 1:3.000.000. 

Time frame corresponds in season to SEASAT data. Elevations in meters above WGS84 ellipsoid. DEM calcu- 
lated using ordinary kriging with Gaussian variogram model. 
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LAMBERT GLACIER AND AMERY ICE SHELE - GEOSAT DATA 
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Figure E.3-8. Map Lambert. Geosat. 1989. slcorr. Topography of Lambert Glacier and Amery Ice 
Shelf from 1989 GEOSAT radar altimeter data. Scale 1:3.000.000. Time frame corresponds in season 
to SEASAT data. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, slope-corrected. DEM 
calculated using ordinary kriging with Gaussian variogram model. 
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LAMBERT GLACIER AND AMERY ICE SHELF - GEOSAT DATA, all seasons 
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Figure E.3-9. Map Lambert. Geosat. 1987-1989. corr. Lambert Glacier/Amery Ice Shelf area sur- 
face elevation used as basis for calculation of elevation changes; not slope-corrected. Scale 

1:3.000.000. Time frame corresponds in season to SEASAT data. Elevations in meters above WGS84 el- 
lipsoid. DEM calculated using ordinary kriging with Gaussian variogram model. 
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LAMBEFT GLACIER AND AMERY ICE SHELL - GEOSAT DATA 
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Figure E.3-10. Map Lambert. Geosat. 1987-1989. slcorr. Topography of Lambert Glacier and 
Amery Ice Shelf from 1987-1989 GEOSAT radar altimeter data. Scale 1:3.000.000. Time frame 
corresponds in season to SEASAT data. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, 
slope-corrected. DEM calculated using ordinary kriging with Gaussian variogram model. 
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(E.4) Visual Comparison — Quantitative Comparison 



Two approaches are used to investigate changes in 
the Lambert Glacier/Amery Ice Shelf system: (1) 
changes in the position of the grounding line (see 
discussion in chapter on map m69e61-77n67-721 
Lambert Glacier), and (2) changes in surface eleva- 
tion (see flow diagram in Figure E.2-1). It has been 
established that satellite-altimetry-derived maps, 
constructed using ordinary kriging as described 
here, may be used to locate the grounding line 
(Herzfeld et al. 1993): The location of the ground- 
ing line is marked by a characteristic change in 
surface slope, and by a transition from rougher to- 
pography indicative of grounded ice to smoother 
topography indicative of floating ice. These two 
criteria have been applied to identify the ground- 
ing line on Lambert Glacier/Amery Ice Shelf, and 
it is most closely approximated by the 100 m con- 
tour line (compared to other contour lines at 1 m 
intervals). The resulting locations are consistent 
with the few field observations available (see text 
to map m69e61-77n67-721 Lambert Glacier). 

Although changes in surface elevation seem to be 
the straightforward quantity to monitor, it is ac- 
tually difficult to get a clear signal out of mea- 
surements of surface elevation; elevation changes 
are relatively small in relation to various geodetic 
corrections applied in the data processing, and in- 
strument errors. Changes in the apparent location 
of the grounding line are more reliable indicators of 
actual changes than elevation changes. Because of 
the very small angle of the surface slope, changes 
in elevation on the order of a few decimeters trans- 
late into changes in the position of the grounding 
line on the order of kilometers. A mean advance 
in the grounding line is visible by eye in the maps. 
Consequently, changes in position of the ground- 
ing line will be derived from maps (left row of ar- 
rows in the flow diagram in Fig. E.2-1), using a 
visual comparison aided by simple measurements 
with ruler and planimeter. Calculation of elevation 
changes is based on DTMs with a few necessary 
mathematical considerations . 

An advantage of deriving elevation changes from 
DTMs rather than directly from differences of av- 
erages of along-track elevation data is that each 
grid node in a DTM is representative of a unit 
area. An average from along-track data, on the 
other hand, assigns heavier weights to areas of 
dense coverage, in the case of Lambert Glacier to 



the southern part of the map, where the ground 
tracks converge. This effect is particularly severe 
in this study, because the map area extends to the 
southern margin of SEASAT and GEOSAT cov- 
erage. The negative effect of weighting may also 
put DTM-derived elevation changes at an advan- 
tage over elevation changes from crossover analysis 
(e.g. Lingle et al. 1994). 

Results from time series of radar-altimeter-data- 
based maps 

Whereas the elevation change data reveal the 1988 
season as an outlier in the 1978-1989 trend, each 
of the three one-season maps for 1987, 1988, 
1989 (maps E.3-4 Lambert. Geosat. 1987. slcorr, 
E.3-6 Lambert. Geosat. 1988. slcorr, E.3-8 Lam- 
bert. Geosat. 1989. slcorr) as well as the three- 
season map for 1987-1989 (map E.3-10 Lambert. 
Geosat. 1987-1989. slcorr) in comparison with map 
E.3-2 Lambert. Seasat. 1978. slcorr shows that the 
grounding line advanced from SEASAT times to 
GEOSAT times. The accuracy of the maps (cf. 
section (C.3.5) on kriging errors) is good enough 
to warrant an investigation of location changes 
of larger features, i.e. of features supported by 
several adjacent 3 km grid nodes in each di- 
rection. The area above the 100 m contour is 
larger and more connected on the Geosat maps 
(“fingers” extending north rather than a few “is- 
lands” north of the connected area above 100 
m). At closer scrutiny, the connection of dark- 
grey areas progresses through the years: The dis- 
connected grey area around UTM-coordinates - 
7850.000 N/510.000 E on the 1987 GEOSAT map 
(map E.3-4) may be identified with the smaller 
area in the same place on the SEASAT map (map 
E.3-2). The “finger” west and southwest of this 
grey area has also increased from 1978 to 1987. 
In 1988 the “finger” breaks up and the “island” 
connects to the larger area above 100 m, and that 
process continues to 1989. This observation sup- 
ports the following hypothesis: The ice grounds 
on seafloor shoals, and these are formed or capped 
by sediments that get moved around by the ice, or 
vice versa, sediment packages form and grow (pos- 
sibly due to subglacial water flow), pushing the 
grounding line further seaward. This looks more 
plausible from the maps than from the graphs of 
elevation changes and could also serve to explain 
what seems to be a decrease in elevation in 1988, 
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while an overall advance of the grounding line is 
observed. 

In summary, from a visual comparison of the 
maps (left side in flow diagram of Fig. E.2-1), 
it is concluded that the glacier advanced about 



10-12 km between SEASAT and GEOSAT ERM 
times (taken for all or each of 1987, 1988, 1989), 
and that the apparent interannual variability be- 
tween 1987, 1988, and 1989 is high relative to the 
change observed for the 10-to-12-year interval. 



(E.5) Calculation of Elevation Changes 



The purpose of calculating elevation changes is to 
answer the following glaciological questions: 

(GQ1) How is the general advance of the ground- 
ing line between SEASAT and GEOSAT times 
and overall increase in surface elevation dis- 
tributed in time? 

(GQ2) Is the glacier homogeneously increasing in 
elevation? 

An answer to the first question may give some 
insight in the variability of the system from one 
year to another. An answer to the second question 
may give insight in the dynamics of the system. 
We should elaborate a bit on the second question. 
Certain side glaciers of Lambert Glacier have been 
suspected to be surge- type glaciers. 

The first problem (GQ1) initially motivated the 
construction of Lambert Glacier maps in time se- 
ries. To approach the second problem (GQ2), the 
study area has been divided in two different ways: 
(i) into upper, grounded area (north coordinate 
-7925.000 to southern margin of outline), ground- 
ing zone (-7820.000 to -7925.000), and lower, float- 
ing area (northern margin of outline to -7820.000), 
and (ii) into grounded part (-7875.000 to southern 
margin) and floating part (northern margin to - 
7875.000). 

We will also answer the following methodological 
questions: 

(MQ1) What type of DTM is best used to study 
elevation changes? Should data have been 
slope corrected? 

(MQ2) How can robust estimates of elevation 
changes be derived from the DTMs? 

For (MQ1), the two different types of maps - 
not slope corrected, slope corrected - have been 



introduced in the previous section. Calculation 
of robust estimates of average surface elevation 
from the altimetry-derived DTMs poses a problem 
(MQ2) , because the DTMs are less accurate in ar- 
eas of high relief such as the mountainous areas on 
the flanks of the ice stream and ice shelf, and be- 
cause the overdeepening along the margins of the 
glacier is larger than in reality due to the snagging 
effect. Fortunately, the area of interest coincides 
with the area of high accuracy. Consequently, av- 
erages of surface elevation are calculated only from 
grid nodes inside a polygon that contains the cen- 
tral part of the ice-stream/ice-slrelf system. 

We have used six different polygon outlines to get 
an idea of the ambiguity induced by a human 
drawing an outline on a map; two of those are 
used in Table E.5-1 and in Figures E.5-1 to E.5-4 
for demonstrative purposes. Overlay 2a is char- 
acterized by approximately even width through- 
out length of ice-stream/ice-shelf system in map 
area. Overlay2c is characterized by narrow width 
in ice-stream/iceshelf area south of -7800.000 N, 
widening northwards to include most of thefloat- 
ing tongue north of -7750.000 N. 

Averages have been formed in two ways: arith- 
metic and statistical averages. To obtain statisti- 
cal averages, in a first pass, the arithmetic average 
and the standard deviation of elevation values for 
all grid nodes inside the polygon outline are cal- 
culated; in a second pass, only points with eleva- 
tion values within three standard deviations of the 
mean are retained and their values averaged. The 
combinations of two average types, six outlines, 
and two types of DTMs yield 24 possible eleva- 
tion change plots, four of which are presented in 
methodological order to demonstrate our results 
(use Fig. E.5-1 vs. E.5-2 for influence of two dif- 
ferent outlines, Fig. E.5-2 vs. E.5-3 for difference 
between arithmetic and statistical averages for the 
same data, Fig. E.5-3 vs. E.5-4 for influence of 
slope correction on elevation change estimates). 
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Table E.5-1. Averages of Surface Elevation of Lambert Glacier/Amery Ice Shelf, from Altimetry-Based Grids. 



Year N. margin 

to S. margin 


N. margin 
to -7875 


-7875 

to S. margin 


N. margin 
to -7820 


-7820 
to -7925 


-7925 

to S. margin 


Overlay 2 a. 
1978 


, statistical 
95.75 


averages 

88.21 


108.03 


85.33 


99.31 


112.59 


1987 


96.23 


88.77 


107.88 


85.80 


100.51 


111.83 


1988 


96.49 


89.19 


108.41 


86.11 


101.35 


112.42 


1989 


96.48 


88.59 


108.50 


85.57 


100.27 


111.65 


1987-1989 


96.54 


88.91 


108.49 


85.99 


100.51 


112.60 


Overlay 2 a. 
1978 


, arithmetic 
95.96 


averages 

88.24 


107.90 


85.33 


99.15 


112.34 


1987 


96.48 


88.80 


108.36 


85.80 


100.40 


112.37 


1988 


98.30 


90.06 


111.05 


86.41 


102.55 


115.95 


1989 


97.58 


89.08 


110.73 


86.26 


101.07 


115.17 


1987-1989 


97.09 


89.17 


109.34 


86.16 


100.66 


113.82 


Overlay 2 c, 
1978 


statistical 

91.38 


averages 

85.30 


111.71 


83.21 


99.43 


117.04 


1987 


91.65 


85.73 


111.13 


83.53 


100.68 


115.44 


1988 


91.43 


86.04 


108.94 


83.76 


102.47 


112.69 


1989 


91.97 


85.64 


112.35 


83.49 


100.82 


115.81 


1987-1989 


91.88 


85.89 


111.35 


83.74 


100.98 


115.97 


Overlay 2 c, 
1987 


arithmetic 

91.63 


averages 

85.30 


111.71 


83.21 


99.43 


117.04 


1987 


91.92 


85.66 


111.76 


83.46 


100.86 


116.30 


1988 


92.64 


86.87 


110.94 


83.90 


104.16 


115.09 


1989 


92.19 


85.88 


112.18 


83.79 


101.53 


115.81 


1987-1989 


92.46 


86.08 


112.68 


83.79 


101.38 


117.67 


In the error maps presented in 


the section 


on Er- used, 


for averages 


taken over 


■ the entire area (col- 


rors, the standard error of the kriged elevation umn 


1 in Table E.5-1), over 


the Amery Ice Shelf 



maps is mostly below 3 m, with higher values 
in areas of high topographic relief. Since kriging 
is a moving-window-averaging operator, the 3 m 
value is an expression of the number of data in 
the neigborlrood of an estimated grid node, and 
of the noise in the data (it does not imply that 
the surface elevation of an area is likely to be 3 m 
higher or lower than estimated) . By averaging over 
all grid nodes inside a polygon, the standard er- 
ror of the elevation estimate is reduced by division 
through the square-root of the number of points. 
That amounts to an error of 0.03-0.04 m for the 
entire ice-stream/ice-shelf system, to larger errors 
for smaller parts, and largest for the smallest and 
also roughest area, the grounded part south of 
UTM north coordinate -7925.000 (errors on the 
order of 0.5 m). For all parts except this souther- 
most part, the elevation estimates are useful for 
glaciological interpretation. 

The location of the outline obviously influences 
the actual value of the average. The trend over 
time (cf. Figs. E.5-1 and E.5-2), however, is the 
same for the two outlines and other outlines we 



up to the grounding line (average north coordi- 
nate -7875.000; column 2 in Table E.5-1), and over 
the ice shelf excluding the grounding zone (average 
north coordinate -7820.000; column 4 in Table E.5- 
1), and for the grounding zone (north coordinates 
-7820.000 to -7925.000; column 5 in Table E.5-1): 
The average elevation for any GEOSAT data set is 
higher than the average for the SEASAT data. For 
the lower Lambert Glacier, both from the ground- 
ing line upward (column 3 in Table E.5-1) and 
excluding the grounding zone (column 6 in Table 
E.5-1), the result depends on the outline chosen, 
and the type of average. Outline 2c is character- 
ized by a narrow (60-100 km wide) section over 
the grounded part, to avoid difficult areas along 
the glacier margin, this, on the other hand, in- 
cludes fewer grid nodes than the wider outline 2a 
and results in less robust averages. 

Both arithmetic averages and statistical averages 
are suitable; however, arithmetic averages seem 
a little better (compare Figs. E.5-2 and E.5-3). 
One would have expected statistical averages to 
yield lower amplitudes, because statistical aver- 




AVERAGE ICE ELEVATIONS OF LAMBERT GLACIER AND AMERY ICE SHELF 
GEM T2-REFD. AND NOT SLOPE CORRECTED MAPS (k,d2) 



277 



120 



115 



110 



105 

T 

c 

o 

^ 100 
> 

Q) 

<u 

<D 

u 

95 



90 



85 



80 

1976 1978 1980 1982 1984 1986 1988 1990 1992 

year 



overlay2a (ovg. of points within 3 std. of mean) 



-7925 to south margin 
i 



-7875 to south morgin 
i 









-7820 to -7925 

T ...... 






north imorgin to south morgin 







north morgin to -7875 

I 



north morgin to -7820 
i ... - 



Figure E.5-1. Elevation changes of Lambert Glacier and Amery Ice Shelf from DEMs in section 
(E.3). Statistical averages of grid values inside overlay 2a. Overlay 2a is characterized by approxi- 
mately even width throughout length of ice-stream/ice-shclf system in map area. Averages calculated from 
not-slope-corrected DEMs, see maps E.3-1 (SEAS AT 1978), E.3-3 (GEOS AT 1987), E.3-5 (GEOS AT 1988), 
E.3-7 (GEOSAT 1989) 



ages tend to eliminate the error spikes due to the 
3-standard-deviations criterion. By a comparison 
of Figures E.5-3 and E.5-4, it can also be observed 
that the values of the statistical averages are al- 
ways lower than the values of the arithmetic av- 
erages, which demonstrates that the outliers are 
high points. The latter observation indicates that 
a filtering technique, if applied at all, should not 
be required to preserve the mean (MQ1). 



Result: For the Amery Ice Shelf and the grounding 
zone, calculations indicate an increase in elevation, 
independently of the averaging algorithm. For the 
lower Lambert Glacier, the result is not clear, with 
arithmetic averages yielding mostly decreases, and 
statistical averages yielding a mixed picture. 

Result: A comparison of columns 3 and 6 of Ta- 
ble E.5-1 indicates that a decrease in elevation is 
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AVERAGE ICE ELEVATIONS OF LAMBERT GLACIER AND AMERY ICE SHELF 
GEM T2-REFD. AND NOT SLOPE CORRECTED MAPS (k,d2) 

overloy2c (ovg. of points within 3 std. of mean) 
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year 

Figure E.5-2. Elevation changes of Lambert Glacier and Amery Ice Shelf from DEMs in section 
(E.3). Statistical averages of grid values inside overlay 2c. Overlay2c is characterized by narrow width 
in ice-stream/iceshelf area south of -7800.000 N, widening northwards to include most of thefloating tongue 
north of -7750.000 N. Averages calculated from not-slope-corrected DEMs, see maps E.3-1 (SEASAT 1978), 
E.3-3 (GEOSAT 1987), E.3-5 (GEOSAT 1988), E.3-7 (GEOSAT 1989) 

most likely for the southernmost part (Lambert DTMs calculated from data corrected for geodeti- 
Glacier excluding the grounding zone). Whether cal and instrument errors, but not slope-corrected 
this observation is indeed showing a stagnation of nor frequency- filtered, yield the most accurate cal- 
the average elevation or is caused by the high error dilation of elevation changes (MQ1). Both fre- 
levels in this part of the map cannot be determined quency filtering and slope correction are opera- 
on the basis of this data (surge wave?). tions performed over an along-track segment or an 

area, unlike geodetical and instrument corrections, 
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Figure E.5-3. Elevation changes of Lambert Glacier and Amery Ice Shelf from DEMs in section 
(E.3). Arithmetic averages of grid values inside overlay 2c. Overlay2c is characterized by narrow width 
in ice-stream/iceshelf area south of -7800.000 N, widening northwards to include most of thefloating tongue 
north of -7750.000 N. Averages calculated from not-slope-corrected DEMs, see maps E.3-1 (SEASAT 1978), 
E.3-3 (GEOSAT 1987), E.3-5 (GEOSAT 1988), E.3-7 (GEOSAT 1989) 



which are applied pointwise. This is why the for- 
mer cause a distortion of the data that propagates 
errors strongly into time-dependent differencing 
and obliterates the elevation change over time. 
The slope correction, while necessary for accurate 
mapping of absolute elevations, induces large er- 



rors on the differences between elevations. Theo- 
retically, the slope effect should be approximately 
the same for two different times, and should there- 
fore cancel out when two DTMs are subtracted 
from each other. Looking at Figures E.5-3 and 
E.5-4, this is not the case. Slope correction in- 
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AVERAGE ICE ELEVATIONS OF LAMBERT GLACIER AND AMERY ICE SHELF 
GEM T2-REFD. AND NOT SLOPE CORRECTED MAPS (k,d2) 
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Figure E.5-4. Elevation changes of Lambert Glacier and Amery Ice Shelf from DEMs in section 
(E.3). Arithmetic averages of grid values inside overlay 2c. Overlay2c is characterized by narrow width 
in ice-stream/iceshelf area south of -7800.000 N, widening northwards to include most of thefloating tongue 
north of -7750.000 N. Averages calculated from slope-corrected DEMs, see maps E.3-2 (SEASAT 1978), E.3-4 
(GEOSAT 1987), E.3-6 (GEOSAT 1988), E.3-8 (GEOSAT 1989) 



fluences in particular the curves for the southern 
part, where the slope is steepest, and to a much 
lesser extent those for the Aoating ice shelf. Fre- 
quency Altering with retention of the data mean 
should be avoided because it neglects topographic 



and instrument-error sources while retaining the 
data mean. 

In conclusion, average elevation changes derived 
from DTMs calculated from altimeter data that 
have not been slope corrected nor frequency Al- 
tered (MQ1), and grid nodes inside a polygon out- 
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line avoiding the glacier margin (MQ2) are suffi- 
ciently accurate for glaciological interpretation, for 
all subareas of Lambert Glacier/ Amery Ice Shelf 
including the entire ice-stream/ice-shelf system, 
except for the smallest and roughest subarea, the 
grounded part excluding the grounding zone. We 
are now ready turn to the glaciological questions. 

To glaciological question ( GQ1 ) - Time distribu- 
tion of changes. A general increase in elevation for 
the entire glacier/ice-shelf system is derived from 
averaging elevations of the DTMs. This is consis- 
tent with results from crossover analysis (Lingle et 
al. 1994) and the advance of the grounding line de- 
duced from DTMs (Herzfeld et al. 1994). The ab- 
solute differences between SEASAT and GEOSAT 
data, however, are lower than the fluctuations be- 
tween the three GEOSAT years 1987, 1988, and 
1989, with 1988 values either too high or too low 



to match the trend. These may be due to interan- 
nual variation, or more likely, to undetected prob- 
lems with the altimeter, because apparent inter- 
annual elevation changes indicated by the 1988 
figures are rather large. With available data, how- 
ever, we have no means to exclude a sudden change 
(a surge?). 

To glaciological question ( GQ2) - Location break- 
down. In summary, a significant increase in ele- 
vation is observed for the Amery Ice Shelf and 
the grounding zone (for all outline locations and 
both averaging algorithms tested), whereas aver- 
age surface elevations of the rougher and topo- 
graphically more varied grounded Lambert Glacier 
may have decreased (but the decrease is not suf- 
ficiently supported by the data) (surge indication 
downstream?). 



(E.6) Discussion of Results on Elevation Changes 
(E.6.1) Results of the Monitoring Study 



Partington et al. (1987) identify the position of 
several points along the grounding line. Their 
map, however, does not show any coordinates nor 
scale, which makes an exact comparison impos- 
sible. Their northernmost grounding point is in 
the same general area (south of Beaver Lake and 
Jetty Peninsula) as the grounding zone on map 
E.3-2 Lambert. Seasat. 1978. slcorr, the other points 
are up to about 80 km farther south. Budcl et al. 
(1982) identify a grounding point from a break 
in surface slope at UTM 485.600 E/-7902.900 S 
(3 km south of their point T4), this ground- 
ing point is located in the southern part of the 
grounding zone identified on map E.3-2 Lam- 
bert. Seasat. 1978. slcorr. This comparison might 
indicate a small advance between the time of 
the Australian expeditions (1968-1971) and 1978. 
Brooks et al. (1983) find a break in slope 43 km 
south of the grounding point of Budcl et al. (1982); 
however, Brooks et al. (1983) remark that their 
altimeter data processing does not allow to iden- 
tify the grounding line. According to Partington 
et al. (1987) most estimates in the literature indi- 
cate a net accumulation, except McIntyre (1985). 
How much of the observed elevation changes and 
the advance of the grounding line is due to mass 



increase cannot be determined from the available 
data. A more detailed survey of the velocity field of 
Lambert Glacier/ Amery Ice Shelf may contribute 
to answering related questions. 

According to Fricker et al. (2000), the grounding 
line of Lambert Glacier is located much farther up- 
stream (south of the southern margin of the maps 
in this study). Even if this is correct, the change 
in location of the surface characteristics and ele- 
ments mapped here indicates an advance of Lam- 
bert Glacier. 

The dynamics of the Amery Ice Shelf and the ice 
streams that feed into it may be complex. The fast- 
flowing ice discharges at about 1.2 km/yr into the 
shelf, only about one third of the discharge is con- 
tributed by (lower) Lambert Glacier (Budcl et al. 
1982). Wellmann (1982) finds geomorplrologic ev- 
idence that Fisher Glacier, one other tributary of 
the Amery Ice Shelf, may be surging. Budcl (1966) 
reports a 50 km retreat of the ice shelf front be- 
tween 1955 and 1965. Consequently, trends in el- 
evation changes need not necessarily coincide for 
the lower Lambert Glacier and the Amery Ice Shelf 
and Charybdis Glacier. This same observation is 
made in our analysis. 
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Brooks et al. (1983) conclude from a compar- 
ison of SEASAT data and data published by 
Buclcl et al. (1982) that Lambert Glacier may 
have retreated between 1968-1971 and 1978, 
while Clrarybdis Glacier (another tributary) 
may have surged. However, a visual compari- 
son between the SEASAT-altimetry-derived map 
by Brooks et al. (1983) and map E.3-2 Lam- 
bert. Seasat. 1978. slcorr, using the 20 m-mean 
offset between the WGS84 ellipsoid and the 
Geoicl (cf. maps E.3-10 Lambert. Geosat. 1987- 
1989. slcorr and E.3-11 Lambert. Geosat. 1987- 
1989. slcorr. gemt3, respectively), shows that the 
shapes of the contour lines match well in the float- 
ing part and that absolute differences are within 
5 meters, but differences in morphology exist in 
the grounded part of Lambert Glacier (except for 
a general high on the western side of Lambert 
Glacier, and a low on the eastern side, common 
to both evaluations). The differences are a conse- 
quence of the different approaches to evaluation, 
Brooks et al. (1983) used an inverse-distance grid- 
ding algorithm and contoured by hand, based on 
elevations from orbits adjusted into a common 
ocean surface. These results indicate that some of 
the differences in different studies may be due to 
different processing algorithms and data references 
and do not permit a glaciodynamic interpretation. 

Reasons for apparent rapid changes are difficult to 
determine from remote sensing information only. 



There is a possibility that a change in the dynamic 
system of the glaciers feeding into Amery Ice Shelf 
occurred. Thickening of the lower part of the sys- 
tem and thinning of the upper part, as indicated 
by the spatial breakdown in our analysis, is typical 
for surges. The hypothesis of a dynamical event is 
mentioned here for sake of completeness, as the ev- 
idence from altimeter data alone is not sufficient 
for such a conjecture. The hypothesis is found in 
the literature (Wellmann 1982; Brooks et al. 1983), 
but largely without supporting data. 

In summary, for the Amery Ice Shelf and the 
grounding zone, the trend in surface elevation be- 
tween 1978 and 1987 or 1988 or 1989 is posi- 
tive, matching the overall increase observed with 
the same method as well as from crossover anal- 
ysis (Lingle et al. 1994). For the lower Lambert 
Glacier, an increase cannot be confirmed. For both 
elevation changes and changes in position of the 
grounding line, the apparent interannual variabil- 
ity among the GEOSAT years 1987, 1988, and 
1989 identifies the 1988 season as an outlier with 
respect to the 1978-1989 trend. An advance of the 
grounding line is generally easier to observe than 
elevation changes. Interannual variability appar- 
ent in the irregular advance of the grounding line 
may be related to seafloor shoals. The overall ad- 
vance between 1978 and 1989 is approximately 10- 
12 km. 
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(E.6.2) Comparison with Other Maps of Lambert Glacier/Amery Ice Shelf 



Atlas maps provide additional points-in-time 
(1985/86 GEOSAT and 1995 ERS-1 Atlas, maps 
m69e61-77n67-721 Lambert Glacier, chapter (D)), 
but they must be used with caution in the mon- 
itoring study, because they have not been calcu- 
lated from the same mission type of data. The 
1985/86 GEOSAT map shows a different distribu- 
tion of ice in particular in the western part of the 
map than the series of maps used in the monitor- 
ing study. More frequent or detailed data would be 
needed to appropriately address the surge ques- 
tion (see below). 

The 1995 ERS-1 maps calculated for the Atlas and 
for the detail chapter (F) may be used as points- 
in-time in the monitoring of Lambert Glacier ad- 
vance/retreat, in particular with reference to a 
map from 1992 ERS-1 data (Herzfeld et al. 1996). 
For comparative purposes, a the large 1995 ERS-1 
map of Lambert Glacier/Amery Ice Shelf System 
is shown here (Figure E.6.2-1), next to an addi- 
tional map constructed from 1997 ERS-2 data for 
the same area (Figure E.6.2-2). 

Using the 100 m contour as a grounding-line proxy, 
monitoring of advance and retreat of the ground- 
ing line and thus of Lambert Glacier are pos- 
sible. Comparison of 1978 SEASAT and 1987- 
1989 GEOSAT/ERM data had indicated a 10- 
km advance of the grounding line (Herzfeld et 
al. 1994, 1997). Comparison of the 1987-1989 
GEOSAT/ERM maps and a 1992 ERS-1 map 
(Herzfeld et al. 1996) seems to indicate a retreat 
from 1987-1989 to 1992, however, adjustments 
of this result may be necessary when a quanti- 
tative comparison of ERS-1 specific orbits and 
other offsets relative to GEOSAT have been calcu- 
lated. Such offset calculations are not available at 
present, but are maximally 0.72 m or 0.22 m (as 
calculated in section (C.1.1) from precision val- 
ues) . 

Notice that Lingle et al. (1994) calculated the ge- 
ographically correlated, systematic orbit bias be- 
tween SESAT and GEOSAT ERM as 0.083 ± 
0.131m (which indicates that the GEOSAT sur- 
face is slightly higher), this offset accounts for an 
apparent northward displacement of the ground- 
ing line of about 581 ±917 meters (which is small 
compared to the 10-12 km advance (Herzfeld et al. 



1994)). Similarly, a GEOSAT-ERS-1 offset of max- 
imally 0.22 m would lead to maximally ssl.5 km 
apparent displacement of the grounding line (or 
any other contour line) . 

Comparison of the 1992 ERS-1 map (920707 
921010, same season as for SEASAT and GEOSAT 
maps) and the 1995 ERS-1 map (950201 - 950801) 
indicates a definite advance of the grounding line 
between 1992 and 1995. The advance was about 
5 km, calculated from the average advance of the 
100-m grounding- line proxy north of UTM coordi- 
nate -7925.000. This may be interpreted as a con- 
tinuation of the trend observed between 1978 and 
1987-1989. 

Comparison of the 1995 ERS-1 map of Lam- 
bert Glacier and the 1997 ERS-2 map may in- 
dicate a small further increase in elevation and 
advance of Lambert Glacier. The northernmost 
100 m contour line in the grounding zone in central 
(lower) Lambert Glacier (between -7800.000 N and 
-8000.000 N) is located about 10 km further south 
on the 1997 map than on the 1995 map. However, 
the shape of the contour line depends somewhat on 
location of the groundtracks. The area above the 
110 m and 120 m contours has increased (110 m 
contour is about 5 km further north). 

An exact assessment of a potentially existing orbit 
bias between ERS-1 and ERS-2 data from the se- 
lected time frames needs to be calculated to deter- 
mine the accuracy of the conclusion of advance. In 
the comparison of SEASAT and GEOSAT data, a 
shift in the contour lines of 10 km was much larger 
than the effect of a general offset between the satel- 
lites. Furthermore, ERS-1 and ERS-2 carry the 
same type of altimeter, and orbit determination 
has increased in accuracy (see Table B.2-1). Hence 
a potential error would most likely induce an er- 
ror on the location of any contour line that is small 
compared to the apparent 5 km advance. 

To obtain a more conclusive answer, an extended 
monitoring study would have to be conducted, 
ensuring that in all maps mission types, months 
of data, variograms are the same, and orbit ac- 
curacies are high. Selection of mission types and 
months, however, depend on satellite mission de- 
sign, hence the same type of data may not be avail- 
able for the same season in any given year. 




north (km UTM) 



284 



-7600 



-7700 



-7800 



-7900 



-8000 



-8100 



-8200 



-8300 



Lambert Glacier — ERS1 DATA, 1995 




300 400 500 600 

east (km UTM) 



700 



5600 

5400 

5200 

5000 

4800 

4600 

4400 

4200 

4000 

3800 

3600 

3400 

3200 

3000 

2800 

2600 

2400 

2200 

2000 

1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

140 

130 

120 

110 

100 

90 

80 

70 

60 

50 

40 



e59-79n68-75, WGS84, Gaussian variog., central mer. 69, slope 
corrected, scale 1:5000000, 970730 



Figure E.6.2-1. Lambert Glacier/Amery Ice Shelf System from 1995 ERS-1 data. Time 
frame 01. February-01. August. 1995. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, slope- 
corrected. DEM calculated using ordinary kriging with Gaussian variogram model. 
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Figure E.6.2-2. Lambert Glacier/Amery Ice Shelf System from 1997 ERS-2 data. Time frame 
01. August-31. October. 1997. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, slope-corrected. 
DEM calculated using ordinary kriging with Gaussian variogram model. 





286 



(E.7) On the Potential Existence of Surge Glaciers in the 
Lambert Glacier/ Amery Ice Shelf System 

(E.7.1) Introduction to the Surge Phenomenon and Relationship to 
Results of the Monitoring Study 



A surge-type glacier is a glacier that does not move 
forward with about the same velocity at all times 
(or, a bit slower in winter than in summer, as 
usual alpine glaciers). To the contrary, the surge 
glacier has a long, quiescent phase of continuous 
movement, during this time, ice builds up in a 
given part of the glacier. Suddenly, a short surge 
phase starts, during which the glacier accelerates 
to about 100 times its normal velocity (the actual 
factor depends on the glacier), more ice is moved 
downglacier, and, due to high velocity, the ice sur- 
face breaks up in a maze of crevasses. The surge 
phase typically lasts one to a few years, the quies- 
cent phase 25-100 years, depending on the glacier 
and the geographic area. 

(I) Now, if Lambert Glacier moves with constant 
velocity throughout time and so do all its trib- 
utaries, then an advance of the grounding line 
indicates an increase in mass in the Lambert 
Glacier/ Amery Ice Shelf system, and likely stems 
from accumulations in the drainage basin of Lam- 
bert Glacier, and/or from mass increases in the 
higher elevations of the Antarctic inland ice. The 
time lag for increased mass to show in the ad- 
vance of the grounding line is many thousands 
of years, however. So answering the question “Is 
the Antarctic ice sheet thinning or thickening?” 
directly requires a very long time lag in observa- 
tion. 

(II) If, on the other hand, Lambert Glacier has 
surging tributaries, then the dynamics of the Lam- 



bert Glacier/ Amery Ice Shelf system is very com- 
plex, and direct conclusions from ice advance or 
elevation increase in the system are not possi- 
ble. For instance, a surge in a tributary would in- 
crease the inflow from that glacier rapidly (in a 
year of observations, in reality even faster), then 
in the next years the “excess” ice would be moved 
down the main glacier: A thickness wave would 
appear to travel down Lambert Glacier, starting 
from the point of the inflow of the surging tribu- 
tary. This would lead to otherwise unexplainable 
ups and downs in the elevation curves. If there 
were more surging tributaries, matters would get 
more complicated. This assumes that if part of 
Lambert Glacier is surging, it would have a cycle 
with a time scale known from Alaskan glaciers. In 
a model for Lambert Glacier, however, Budd and 
Mclnnes (1978) calculated a surge cycle of 23000 
years and a 250 year duration of the surge phase 
phenomena clearly on a different time scale. 

Since a few tributaries of Lambert Glacier have 
been suspected to surge, including Fisher Glacier 
and Charybdis Glacier, the latter possibility is 
likely. However, it is not possible to detect surges 
of side glaciers with certainty within the limits of 
accuracy of the mapping method (altimetry and 
kriging at 3 km grid resolution). Data of higher 
reolution and more frequent observations would 
be needed. But it should be known to the reader 
that there are sudden changes in nature — and 
monotonous lines are not the same as error-free 
lines. 



(E.7. 2) Discussion of the Surge Hypothesis in the Glaciologic Literature 

A discussion of surging in the Lambert Glacier/ Amerjvlrole ice sheet lead to advance or retreat. Lam- 



Ice Shelf system has been going on in the glacio- 
logic community. Two avenues need to be dis- 
tinguished: In context of potential instabilities of 
the Antarctic Ice Sheet, it is of interest to inves- 
tigate whether the entire ice sheet may disinte- 
grate as a consequence of warming, or whether 
dynamic properties of parts of the ice sheet or the 



bert Glacier/ Amery Ice Shelf system as a whole 
could be surging. On the other hand, only some 
glaciers within the Lambert Glacier/ Amery Ice 
Shelf system may be surge-type glaciers, namely 
Fisher Glacier (the westerly of the three glaciers 
that form the main trunk of Lambert Glacier) and 
Charybdis Glacier (a large glacier that enters NW 
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Amery Ice Shelf north of Beaver Lake, a small 
branch of it flows into Beaver Lake), and possibly 
others. 

Budcl and Mclnnes (1978) suggest that the Lam- 
bert Glacier/ Amery Ice Shelf surges with a period- 
icity of 23000 years, with surges lasting 250 years 
and velocities reaching several kilometers per year 
(velocity now is 1 km a -1 ). In the same paper, it 
was suggested that similar behaviour was happen- 
ing in other Antarctic drainage basins. 

From Lambert Glacier and side glaciers joining 
mostly from the west, the mass flux of Lambert 
Glacier has been calculated as « 30 Gta -1 (= 33 
km 3 a -1 ) by Allison (1979). This is almost twice 
as much as Byrd Glacier. But measurements of 
ice flux on Lambert Glacier at a north coordinate 
corresponding to that of the head of Beaver Lake 
have indicated a mass flux of only 11 Gta -1 (= 12 
fcm 3 a _1 ). How can this discrepancy be explained? 
One possibility is that it builds up temporarily 
further inland, and suddenly flows downstream in 
surge events. Alternatively, the ice may possibly 
build up inland and not release in a surge event. 

In contrast, Robin (1979, 1983) concluded that 
an apparent imbalance was due to strong basal 
melting. In a recalculation of the area of the Lam- 
bert Glacier drainage basin, McIntyre (1985) de- 
termined the size of that basin as 900 000 km 2 
rather than 1 090 000 km 2 (which was used in pre- 
vious calculations) and also assumed a lower ac- 
cumulation rate, with the result that the input of 
ice in the Lambert Glacier basin almost matched 
the flow into Lambert Glacier, hence the dicussed 
imbalance was no longer existing. 

Radok et al. (1987) used a mathematical model to 
determine which Antarctic drainage basins were 
prone to surging. As a result, Lambert Glacier and 
other major glaciers did not appear as likely can- 
didates for surge-type glaciers. 

The possibility that Fisher Glacier surges was first 
put forward by Derbyshire and Peterson (1978) 
after a study of aerial photographs of the area 
near Mount Menzies (73° 30’ S/61°50’ E, 3335 m), 
which divides the flow of Fisher Glacier and about 
100 km upstream of its junction with Mellor 
Glacier (and upper Lambert Glacier). Charybdis 
Glacier has also been suggested to be a surge-type 
glacier. 



Wellmann (1982) also concluded that Fisher 
Glacier may be a surge- type glacier, he utilized 
geomorphologic observations deduced from aerial 
photography. Side moraines of Fisher Glacier show 
three elevation levels, indicating changes in ice- 
surface elevations consistent with surges, while 
other catchments of Lambert Glacier do not have 
such moraines. 

Structural patterns in surging glaciers include typ- 
ical folded medial moraines (Post 1972) and folia- 
tion. Such medial moraines form between a surg- 
ing and a non-surging glacier during a surge cycle: 
During the surge, the increased flow of mass down 
the surging glacier pushes the medial moraine to- 
wards the non-surging glacier. After the surge, as 
the non-surging glacier increases in relative power, 
the medial moraine gradually moves back to the 
pre-surge position. Hence the number of folds in 
medial moraines approximately corresponds to the 
number of surges. 

Based on lack of evidence of ice-surface-structural 
patterns indicative of surging (from LANDSAT 
image analysis), Hambrey (1991) concludes that 
there are no surging glaciers in the Lambert 
Glacier/ Amery Ice Shelf system, (a) in the time 
of residence of the ice in the system, which he es- 
timates to be 1000 years in the center and sev- 
eral to ten thousand years along the margins of 
Lambert graben, (b) this still leaves the possibil- 
ity of really long surge cycles, such as the 23000 
year cycle proposed by Budd and Mclnnes (1978). 
If Fisher Glacier had surged, then there should 
be evidence in surface structure. To the contrary, 
the surface features on Lambert Glacier appear to 
be indicative of constant-velocity flow. There are 
no folded nor truncated foliations, nor crevassed 
areas with clear boundaries to slow-moving ice, 
which are also typical of surging (see also Herzfeld 
(1998) and Herzfeld and Mayer (1997) for descrip- 
tion of the surface features during the surge of 
Bering Glacier/Bagley Ice Field system, Alaskas 
longest glacier and as such most closely related to 
an Antarctic ice stream). 

In contrast, West- Antarctic Ice Stream B (Whillans 
Ice Stream) , which leads into Ross Ice Shelf, shows 
evidence of surging (Bindschadler et al. 1987; 
Whillans et al. 1987), and foliations are observed 
in Ross Ice Shelf. 




(F) Detailed Studies of Selected Antarctic Outlet Glaciers 
and Ice Shelves 



(F.O) Introduction 

In the glaciologic part of the introduction, the 
important role that Antarctica plays in Global 
Change is explained in relationship to tempera- 
ture change, changes in atmospheric conditions - 
CO 2 budget - and sea-level rise. There are two 
main approaches to investigate mass changes in 
the Antarctic Ice Sheet: a) changes in elevation of 
the entire ice sheet, and b) changes in the outlet 
glaciers of the Antarctic Ice Sheet. Changes in ele- 
vation can be monitored when comparing maps of 
different times, for instance, a GEOSAT map and 
an ERS-1 map in this Atlas, or more time points, 
as is illustrated in the section on Lambert Glacier. 
The outlet glaciers, ice streams, and ice shelves are 
key features, because they are most sensitive and 
change is most evident there. Flux of ice into the 
ocean occurs across the margin of Antarctica, the 
ice-ocean boundary. 

A major advantage of the geostatistical atlas map- 
ping method over other methods of interpolating 



and mapping from radar altimeter data is that the 
topography in areas with complex relief is opti- 
mally represented. Optimally means, as good as 
possible given the constraints of data gaps and 
technical limitations of radar altimeter observa- 
tions (see, section (C) on data analysis methods 
applied in the Antarctic Atlas). Using this method, 
the margin of Antarctica can be mapped suffi- 
ciently accurate for glaciological investigations. 

In this section, detailed maps of selected Antarctic 
glaciers are presented and interpreted. The under- 
lying grid is the same 3-km grid as that of the 
Atlas maps, but the generally larger scale of the 
detail maps makes more geographic features visi- 
ble. The latter demonstrates that the 3-km Atlas 
grid may be explored locally for its actual infor- 
mation content, which is often higher than that of 
the Atlas maps. The glaciers presented here have 
been selected for their glaciologic relevance. 
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(F.l) Detail Map 1: Slessor Glacier (ERS-1 Data 1995) 

Atlas Map: m333e315-351n78-815 Filchner Ice Shelf 

Slessor Glacier map area: 1A (350.000-750.000 E/ -8750. 000- -8950.000 N), scale 1:3.500.000; 
IB (350.000-600.000 E/-8820.000- -8920.000 N), scale 1:2.500.000 



Slessor Glacier is one of the largest glaciers drain- 
ing into the Filchner Ice Shelf, in fact it is one of 
the longest coherent ice streams on Earth. Its large 
drainage basin is seen on Atlas maps m333e315- 
351n78-815 Filchner Ice Shelf and m357e339- 
15n78-815 Western Queen Maud Land (South). 
It measures about 500 km from Parry Point up- 
stream as determined by flowlines from satellite 
imagery (Swithinbank 1988, fig. 75, p. B100), plus 
350 km from Parry Point to the icefront (Crabtree 
and Doake 1980), so it is at least 850 km long. 

The drainage basin is 575.000 km 2 (McIntyre 
199999). Slessor Glacier, at its narrowest point, is 
30 km wide. It descends west with a constant slope 
of 0.32° to a flatter area before joining the Filchner 
Ice Shelf. Surface elevations, 10-30 m higher than 
the surrounding ice shelf, mark its protrusion into 
the ice shelf (at (-8900.000 N/400.000 E); Herzfeld 
et al. 2000b). Annual discharge is estimated at 
34 km 3 . No velocity or ice-thickness measurements 
have been made. The lower drainage basin is best 
seen in Map 1A (1:3.500.000). 

Of the 850 km length of Slessor Glacier, the 
lower 170 km are mapped at the large scale of 
1:2.500.000 (Map IB). This detail map facili- 
tates study of the longitudinal gradient of Slessor 
Glacier and of the glacier’s continuation in the 
Filchner Ice Shelf. The gradient is 200 m in 50 km 
(0.4% = 0.23° between 400 m and 600 m eleva- 
tion) between 96 km and 146 km from the coast. 
The center of the basin has a relative constriction 
at 600-650 m elevation. Between 400 and 350 m 
elevation is a steeper step with an average slope of 
50 m in 6 km (8,3% = 4.8°). 

Below 350 m elevation, the slope decreases gradu- 
ally to 60 m in 2800 m between 200 m and 140 m 
elevation (above the ellipsoid) (2.14% = 1.2°). At 
140 m elevation, the glacier reaches the Filchner 
Ice Shelf. 

The nose at (-8840.000 N/430.000 E) of the topo- 
graphic high in the north of the detail map is the 
westsouthwestern end of the Theron Mountains 
(see Atlas map m333e315-351n78-815 Filchner Ice 



Shelf), westsouthwest of that is Parry Point. It 
is 90 km from Parry Point to Blaiklock Glacier in 
the Slrackleton Range south of Slessor Glacier. Be- 
tween Blaiklock Glacier and Parry Point, Slessor 
Glacier enters the Filchner Ice Shelf (if one consid- 
ers a line Parry Point - Blaiklock Glacier the edge 
of the Ice Shelf. Notice that this does not mean 
that the grounding line is there!). The grounding 
line is the technical edge of the ice shelf. 

Using the criterion of a break in surface slope as a 
determination of the grounding line position, then 
the most significant break in slope at 350 m ele- 
vation would put the grounding line location at (- 
8800.000 N/526.000 E), 88 km upstream of the line 
Parry Point-Blaiklock Glacier and of the 140 m el- 
evation contour. 

In the south, the glacier is bordered by the Slrack- 
leton Range. A 1974 LANDSAT image (Swithin- 
bank 1988, hg. 75, p. B100) of Slessor Glacier and 
the Slrackleton Range shows flow lines indicative 
of rapid motion on the glacier and on the part that 
is in the Filchner Ice Shelf. 

Swithinbank (1988, p. B101) states that the po- 
sition of the grounding line is unknown, but 
that isolated areas of smooth surface undulations 
downglacier from Parry Point and towards Blaik- 
lock Glacier (visible in a 1974 LANDSAT image, 
hg. 75, p. B100) appear to be characteristic of 
glaciers sliding on their beds close to the grounding 
line, and these areas could be isolated locations of 
grounding on an otherwise floating ice sheet. Fol- 
lowing this argumentation, the grounding “line” 
would be near the 140 m contour in our map, and 
likely there is a large grounding zone which ex- 
tends a bit downward, and possibly a large dis- 
tance upstream of the line Parry Point-Blaiklock 
Glacier. 

The largest break-in-slope downstream of the 
140 m contour is at the 110 m contour, where 
the slope decreases to 10 m over 40 km (0.025% 
= 0.014°; 110-100 m), above this it is 10 m over 
2 km (0.5% = 0.29° ; 140-130 m), 10 m over 6 km 
(0.16% = 0.095° ; 130-120 m), and 10 m over 8 km 
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(0.125% = 0.072°; 120-110 m); i.e. a less signifi- 
cant break-in-slope is at 130 m. The calculations 
of breaks in slope leave a few possibilities for the 
grounding line location, however, combined with 
the observations on satellite imagery, described in 
Swithinbank (1988) (see above), the 130 m contour 
appears the most likely approximate position of 
the grounding line. The 130 m contour also wan- 
ders around in the northern part of the glacier, 
donwstream of the line Parry Point - Blaiklock 
Glacier, which matches the location of the lowest 
patches of likely grounded ice in the satellite im- 
age surprisingly well (in particular, if one keeps 
in mind that the satellite image is from 1974 
and the ERS-1 data from 1995). The assumption 
that there is a grounding zone, which includes 
the 130 m contour and extends some distance 
downstream from the line Parry Point - Blaiklock 
Glacier (40 km from Parry Point), but mostly 
upstream, is still valid. 



Ice surface characteristics in the upper reaches 
of Slessor Glacier (at 1000-1500 m a.s.l, mapped 
only in the Alas map m333e315-351n78-815 Filch- 
ner Ice Shelf) are typical of those of a large ice 
stream, with series of escarpments trending gener- 
ally across the flowline, spaced about 10 km apart 
and attributed to subglacial ridges (Swithinbank 
1988, fig. 74, p. B99). The subglacial topography, 
as indicated by ice-surface features seen in satellite 
imagery (Swithinbank 1988, fig. 74, p. B99) indi- 
cates that the Shackleton Range extends eastward 
under Slessor Glacier (Marsh 1985, after Swithin- 
bank 1988). 

Several small glaciers join Slessor Glacier, both 
from the Theron Mountain region and from the 
Shackleton Range, the latter include Stratton 
Glacier and Blaiklock Glacier located at the tip of 
the Filchner Ice Shelf. 
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Stcmcomb — Wills Glacier — ERS— 1 DATA, 1995 




WGS84, Gaussian variog., central mer. 333, slope corrected, 
scale 1:3000000, 000105 
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(F.2) Detail Map 2: Stancomb-Wills Glacier (ERS-1 Data 1995) 



Atlas Map m333e315-351n71-77 Riiser-Larsen Ice Shelf 

Stancomb-Wills Glacier map area: (500.000-800.000 E/-8200.000- -8500.000 N), scale 1:3.000.000 



Stancomb-Wills Glacier is located in Queen Maud 
Land, at the northeastern edge of Coats Land, 
and drains into the Weddell Sea. Stancomb-Wills 
Glacier is the largest glacier between Jutulstrau- 
men (m3wellw-5n67-721 Fimbul Ice Shelf) and 
Slessor Glacier (m333e315-351n78-815 Filchner Ice 
Shelf). Its drainage basin extends at least to the 
2200 m contour line, which is 250 km inland 
from its terminus (see descriptions of Atlas maps 
m333e315-351n71-77 Riiser-Larsen Ice Shelf and 



m357e339-15n75-80 Western Queen Maud Land 
(North)). From the topographic maps it can be 
concluded that the glacial drainage basin extends 
about 500 km farther east into Queen Maud 
Land, to the 3200 m contour on maps m357e339- 
15n75-80 Western Queen Maud Land (North) and 
m357e339-15n71-77 New Schwabenland. Accord- 
ing to McIntyre (after Swithinbank, 1988), the 
drainage basin is only 35.000 km 2 , much smaller 
than the area described here. 
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The most conspicuous feature of Stancomb-Wills 
Glacier is its glacier tongue, this is enlarged in the 
detail map. The glacier tongue is mapped well us- 
ing satellite radar altimetry and geostatistics, and 
its length and width can be measured from the 
elevation maps. 

The Stancomb-Wills Glacier tongue was discov- 
ered already in January of 1915 by Shackleton 
(1919), who saw its seaward terminus as an ice- 
shelf promontory (Stancomb-Wills Promontory) 
(Switlrinbank 1988, p. B97). The ice stream itself 
was discovered much later, in 1957 by Sir Vivian 
Fuchs. 

The Stancomb-Wills Glacier Tongue extends 
230 km to the northwest, it is 30 km wide near 
its end and up to 50 km wide in various places 
close to the coast. The elevation of the glacier 
tongue is about 10 m above surrounding shelf ice 
on our map, and 30 m in the areas close to the 
terminus. The fact that the glacier-tongue con- 
tour is surrounded by another contour indicates 
that the ice surrounding the tongue is elevated. 
Further east is the Riiser-Larsen Ice Shelf with el- 
evations of over 60 m, in comparison, we conclude 
that the Stancomb-Wills Glacier Tongue extends 
into sea ice (and not into shelf ice) to the west 
of the Riiser-Larsen Ice Shelf. A comparison with 
satellite imagery will show that the ice area sur- 
rounding the glacier tongue consists of so-called 
“low ice shelf’, which is a thicker form of sea ice. 

Flow lines and crevasses of (part of) Stancomb- 
Wills Glacier are visible in an annotated LAND- 
SAT MSS image (from 1981) (Switlrinbank 1988, 
fig. 73; p. B98). The glacier has a wide shear mar- 
gin to the slow-moving shelf ice of Riiser-Larsen 



Ice Shelf (to its northeast) and Brunt Ice Shelf 
(to its southwest). Noticeably, the centerline of 
the offshore part of the glacier has a smooth low 
for some part of its length reminiscent of the cen- 
ter of Jakobshavns Isbrae, a fast-moving ice stream 
in western Greenland (Mayer and Herzfeld 2001). 
The strain between the glacier tongue and the 
Brunt Ice Shelf is so large that it cannot be acco- 
modated by deformation anymore, consequently, 
large icebergs calve from the ice sheet at or near 
the grounding line and are pulled along by the fast- 
moving ice stream, which forces them into a coun- 
terclockwise rotation (Switlrinbank 1988, p. B97). 
The gaps are filled by so-called “low” ice shelf 
(sea ice which grows thicker over time). To the 
contrary, slowly-moving ice shelves usually have a 
vertical stratification, they consist of a thinning 
wedge of ice of land origin overlain by a thicken- 
ing wedge of locally accumulated snow (and sea 
ice from to the bottom). 

Lyclclan Island is an ice rise between Stancomb- 
Wills Glacier and Riiser-Larsen Ice Shelf, it ob- 
structs the westward flow of the ice shelf. Velocities 
of 1300 m a _1 on the right bank of the ice stream 
(Thomas 1973) and of 4000 m a _1 at the ice front 
(Orheim 1982) have been reported, from these ob- 
servations and an estimate of 200 m ice thickness, 
Switlrinbank (1988) estimates an ice discharge of 
40 km 3 a -1 . 

The lower part of Stancomb-Wills Glacier is much 
steeper than, for instance, that of Slessor Glacier. 
The gradient increases from 200 m over 33 km 
(0.6% = 0.35° at 1000-800 m elevation) to 200 m 
over 12 km (1.7% = 0.95° at 400-200 m elevation) 
and 60 m over 4 km (1.5% = 0.86° at 200-140 m 
elevation) . 




north (km UTM) 
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WGS84, Gaussian variog., central mer. 357, slope 
corrected, scale 1:2500000, 000105 
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(F.3) Detail Map 3: Jutulstraumen Glacier (ERS-1 Data 1995) 

Atlas Maps: m3wellw-5n67-721 Fimbul Ice Shelf and m357e339-15n71-77 New Schwabenland 
Jutidstraumen Glacier map area: (4 50. 000-650. 000 E/-7700.000- -8150.000 N), scale 1:2.500.000 



Jutulstraumen Glacier flows north to Fimbul Ice 
Shelf in Western Queen Maud Land, in Princess 
Martha Coast. It is a fast-moving glacier whose 
force lets it extend further seaward than the 
neighbouring ice shelves (compare ice shelf exten- 
sions on map m3wellw-5n67-721 Fimbul Ice Shelf, 
on which Jutulstraumen Glacier is seen, and on 
map m9el-17n67-721 Princess Astrid Coast). The 
240 km long tongue seems to actually enlarge Fim- 
bul Ice Shelf northward. Jutulstraumen Glacier 
has been studied extensively, several references are 
given in Swithinbank (1988), e.g. Orheim (1979). 
The geology and gravity field of the Jutulstrau- 
men area have been analyzed by Decleir and van 
Autenboer (1982). 

The tongue and the valley of Jutulstraumen 
Glacier are mapped here at an enlarged scale of 
1:2.500.000. 

Jutulstraumen Glacier (the word “glacier” in 
its name is actually superfluous, as “straumen” 
means “(ice) stream”) is the largest glacier be- 
tween longitudes 15° E and 20° W. Ice stream 
is a more precise term, because Jutulstraumen 
is an outlet glacier of the Antarctic Inland Ice, 
an ice stream that flows through adjacent slow- 
moving ice. Jutulstraumen Glacier drains an area 
of 124.000 km 2 , has a discharge of 12.5 km 3 a -1 
at 72° 15’S and an ice velocity at the front of 1 
km a -1 (Swithinbank 1988). 

In its lower parts, Jutulstraumen follows a geologic 
trough that is of structural origin (Decleir and van 
Autenboer 1982). The bottom of Penck Trough 
reaches a few hundred meters below sea level. The 
existence of such a trough enhances the flow vol- 
ume and velocity in the ice stream, as the trough 
attracts ice from the surrounding areas gravita- 
tionally. Our detail map shows that there are two 
valleys extending south from the terminus of Ju- 
tulstraumen, a western one with a head near east 
coordinate 480.000 and an eastern one with a head 
near 600.000 E on the southern map margin. 

The western valley has almost the prototype shape 
of a trough, still at ice surface level, while the 
eastern valley has a less characteristic morphol- 



ogy. The western valley is Penck Trough , a geo- 
logic trough with Ritscher Hochland to the north- 
west, in the southern part, and Borg Massif to 
the west, in the northern part, and the Neumayer 
Cliffs to the southeast, also in the southern part 
of the map and the trough. The main subglacial 
valley extends through Penck Trough as far as 6° 
W (Swithinbank 1988, p. B92). On a satellite im- 
age by IfAG (see Swithinbank 1988, fig. 68, p. B93; 
IfAG stands for Institut fiir Angewandte Geodasie, 
Frankfurt) it appears that the upper part of the 
Penck Trough valley has now captured ice that 
once drained to the coast via Schytt Glacier, which 
is located west of Borg Massif. Schytt Glacier still 
exists, but has a small drainage area (see satel- 
lite image fig. 69, p. B94, Swithinbank 1988). On 
our map, the valley of Schytt Glacier is the val- 
ley northwest of Penck Trough. The main flow of 
Jutulstraumen Glacier, which coincides with the 
flow through Penck Trough, is joined by ice that 
follows the easterly of the two valleys of lower Ju- 
tulstraumen Glacier, i.e. the valley with its head 
at 600.000 E on the lower map margin. In some 
maps, the name ’’Jutulstraumen Glacier” is given 
to the ice in the easterly branch. We suggest to 
use “Western Upper Jutulstraumen Glacier” for 
the branch in Penck Trough and “Eastern Upper 
Jutulstraumen Glacier” for the branch in the east- 
ern valley. 

At the western edge of the terminus of Jutul- 
straumen Glacier are Passat Nunatak and Boreas 
Nunatak (220 m) on Giaever Ridge, the eastern 
edge is Roberts Knoll on Ahlmann Ridge. 

Ice velocities of 390 ma" 1 have been measured at 
72° 15’S. Ice discharge at 72°15’S has been calcu- 
lated as 12.5 km 3 a _1 (Decleir and van Autenboer 
1982). Crevasses near Utkikken Hill, a hill on a 
land tongue west of Jutulstraumen Glacier, indi- 
cate that Jutulstraumen is afloat here (Swithin- 
bank 1988, figs. 69 and 70, p. B92, B95). Orheim 
(1979) observed a velocity of 1 km a _1 at the ice 
front north of there. In 1967, a large calving event 
occurred at Jutulstraumen Ice Tongue, one single 
iceberg was 53 km by 104 km (Swithinbank et al. 
1977); the calving event was likely caused by col- 
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lision of another large, drifting iceberg with the 
glacier tongue. The time needed for formation of 
a large ice tongue, such as the one of Jutulstrau- 
men Glacier, is at least 100 years (Decleir and van 
Autenboer 1982). 

The tongue of Jutulstraumen Glacier is at least 
40 m higher than the sea ice to its north, and 
20 m higher than the surrounding ice of Fimbul 
Ice Shelf. The center of the tongue appears raised, 
to above 70 m and about 80 m in several locations, 
with a trend to decrease in elevation towards the 
north. 

Jutulstraumen Glacier is also part of a study on 
the influence of variograms on surface features, 
carried out for the Fimbul maps m3wellw-5n67- 
721 (see section (C.3.6)). Thus several maps of the 
glacier tongue are available for comparison. 

Features in this map sheet appear more clearly on 
the GEOSAT map. Ice elevations in the area ap- 



pear to have decreased from GEOSAT 1985/86 to 
ERS-1 1995 by possibly 5 m, as deduced from size 
reductions of the higher-elevation contours on the 
ice shelves. Most noteworthy, the tongue of Jutul- 
straumen Glacier has a connected center that is 
20 m above the level of the surrounding Fimbul 
Ice Shelf, in 1985/86 the center elevation is 70 m 
(above WGS 84) with spots above 80 m, in 1995 
the 70 m contour is exceeded only in a few ar- 
eas. The areas below 40 m and 50 m on the ice 
shelf may have changed less, so it appears that 
the offshore part of Jutulstraumen Glacier lost el- 
evation, and hence mass (since the ice shelves are 
afloat). These observations need to be adjusted for 
a general offset between elevations from GEOSAT 
and ERS-1 observations, such an offset has not 
been calculated (to our knowledge), however, it is 
at most 72 cm (or 22 cm, depending on accuracy 
calculation, see section (C.1.1)), whereas the ob- 
servations here are on the order of meters. 
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Shirase Glacier — ERS1 DATA, 1995 




WGS84, Gaussian variog., central mer. 33, slope corrected, scale 
1:1333333, 991312 



(F.4) Detail Map 4: Shirase Glacier (ERS-1 Data 1995) 



Atlas Map m33e25-^ln67-721 Riiser-Larsen Peninsula 

Shirase Glacier map area: (600.000-750.000 E/ -7 670. 000- -7 820.000 N); scale 1:1.333.333 



This map shows glaciers in Liitzow-Holm Bay 
(Princess Ragnhild Coast and Prince Olav Coast, 
Enderby Land) . Shirase Glacier is the large glacier 
that drains the valley in the southeast corner of the 
detail map. The most conspicuous feature on this 
map is a large ice tongue, outlined by an almost 
rectangular contour. This ice tongue is 48 km long 
on our map and extends west of Botnneset Penin- 



sula, it is also seen on the USGS satellite image 
map of Antarctica (Ferrigno et al. 1996). 

Shirase Glacier is the longest ice stream west of 
Rayner Glacier, it has a 165.000 km 2 drainage 
basin that extends 500 km inland (according to 
Swithinbank 1988). The drainage basin of Shirase 
Glacier is seen on maps m33e25-41n67-721 Riiser- 
Larsen Peninsula, m45e37-53n67-721 Prince Olav 
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Coast, and the southerly adjacent maps m21e3- 
39n71-77 Spr Rondane Mountains and m45e27- 
63n71-77 Belgica Mountains. On map m45e37- 
53n67-721 Prince Olav Coast it is obvious that a 
regional ice divide separates the drainage basins 
of Shirase Glacier (west) and Rayner Glacier and 
Thyer Glacier approximately 500 km farther east. 

Shirase Glacier occupies a 9 km wide valley that 
remains below sea level for 200 km inland from 
the coast (Swithinbank 1988, p. B79). The termi- 
nus is a floating tongue (grounding line 65 km up- 
glacier in January 1974). The glacier is close to the 
Japanese Research Station Siowa (Slrowa), which 
is located on Ongull Island near the eastern coast 
of Liitzow-Holm Bay, and thus well-studied. Ice- 
front velocities of 2500 m a -1 have been measured 
by Nakawo et al. (1978), this is the fastest surveyed 
rate of flow of any Antarctic ice stream, according 
to Swithinbank (1988, p. B79). Fujii (1981) mea- 



sured some points at 2900 m a -1 . The glacier front 
may have advanced 86 km in 37 years between 
1936-37 (maps based on photographs) and 1974 
(satellite image), but a reinvestigation of the pho- 
tograph suggested that the glacier tongue may not 
have advanced. Consequently, estimates of flow ve- 
locity, iceberg calving and glacier advance have a 
wide range of error (Swithinbank 1988, p. B79). 
Unfortunately, the tongue is not captured in the 
1995 ERS-1 data. The overdeepening in the bay 
near the terminus of Shirase Glacier is likely in 
part a result of radar altimeter data retracking, 
but in part a comparison to the satellite image 
map in Swithinbank (1988, fig. 59, p. B81) shows 
an elevation low between the floating part of Shi- 
rase Glacier and the eastern side of the head of 
the small bay. (The knob with contour 90 further 
east is not an artefact.) Liitzow-Holm Bay is filled 
with fast ice. 




north (km UTM) 
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(F.5) Detail Map 5: Lambert Glacier (ERS-1 Data 1995) 

Atlas Maps: m69e61-77n67-721 Lambert Glacier, m69e51-87n71-77 Upper Lambert Glacier 
Large Lambert Glacier Map m69e59-79n68-75 ERS-1 1995; Scale 1:5.000.000 



Lambert Glacier and Amery Ice Shelf form the 
largest ice-stream/ice-shelf system in East Antarc- 
tica, with a drainage basin that is about 10% 
of the East Antarctic Ice Sheet (Drewry 1983). 
Parts of Lambert Glacier / Amery Ice Shelf 
are seen on maps m69e61-77n67-721 Lambert 
Glacier, m69e51-87n71-77 Upper Lambert Glacier, 
m69e51-87n75-80 South of Lambert Glacier, and 
the drainage basin covers the adjacent maps to 
the east and west, with ice flowing into Lambert 
Glacier from as far away as the Gamburtsev Sub- 
glacial Mountains (located approximately at (77 
79° S/70-80 0 E; 500 km from the edge of Lambert 
Glacier) , which in turn may extend as far south as 
below Dome Argus, seen on the southernmost map 
at the central longitude m69 (m69e51-87n78-815 
Dome Argus). 

Lambert Glacier has been called the Earth’s 
largest glacier (Allison 1979), because its flow- 
lines can be traced on satellite imagery (LAND- 
SAT) 400 km upstream of its grounding line. The 
glacier drains an area of 902000 km 2 (McIntyre; af- 
ter Swithinbank 1988); the only Antarctic glacier 
with a larger drainage area is Byrd Glacier in the 
Ross Ice area. 

Since flipping pages to study a large system is 
inconvenient, we have calculated a large map of 
Lambert Glacier / Amery Ice Shelf and the sur- 
rounding drainage basin for the area m69e59- 
79n68-75. Technical data for the processing of this 
map are the following: 

The area selected is that of Lambert Glacier/ 
Amery Ice Shelf, the largest ice-stream/ice-slrelf 
system in East Antarctica. ERS-1 orbital coverage 
extends to 81.5° S for radar altimeter data, thus 
it is possible to map the entire Lambert Glacier 
area including upper Lambert Glacier and other 
tributaries of (lower) Lambert Glacier (59° -79° 
E/68°-75°S). Data coordinates were transformed 
from geographic to Universal Transverse Mercator 
(UTM) coordinates (cf. Snyder 1987) using 69° E 
as a central meridian. The nominal map area is 
59° 79°E/68°-75°S, the map is rectangular after 
transformation into the UTM system with dimen- 



sions 570 km E-W by 744 km N — bS and UTM 
coordinates ( -8322.000 - -7578.000 N/215.000- 
785.000 E). The time frame of data in our exam- 
ple is 6 months in 1995 (950201 - 950801). This 
was part of the Geodetic Phase (April 1994 - May 
1996), during which ERS-1 was operated in two 
168-day repeat cycles, one offset from the other 
to increase geographic coverage. The timeframe is 
the same as for the ERS-1 Atlas. 

This large Lambert Glacier map shown here is also 
calculated with a 3 km grid spacing such that it 
may be used as a basis for glaciodynamic mod- 
eling (see digital version of the drainage basin), 
following criteria as given in the description of 
map m69e61-77n67-721 Lambert Glacier. Fewer 
features are distinguished in the contoured ver- 
sion, just because of the relative size of map to 
book page. 

Lambert Glacier follows a large geologic trough. 
Ice from a large catchment area drains into the 
Lambert Glacier trough, accelerating and forming 
an ice stream. A branch of Lambert Graben ex- 
tends inland to a distance of 1000 km from the 
front of Amery Ice Shelf. Lambert Graben is up 
to 2500 m deep. Mawson Escarpment is a straight- 
lined escarpment rising to 1000 m above sea level 
located east of Lambert Glacier. The wall of the 
graben, measured to the top of Mawson Escarp- 
ment, is a total of approximately 3000 m high. 

Front thickness (Amery Ice Shelf) is 270 m; ice 
thickness at the grounding line is sslOOO m, at 
a point 600 km upstream of the ice front, the 
bedrock elevation is still 840 m below sea level, 
ice thickness is 1950 m, and velocity of Lambert 
Glacier is 231 m a -1 (Swithinbank 1988). In an- 
other reference Lambert Glacier near the ground- 
ing line is 770 m thick, velocity is 347 m a _1 here 
(quoted after Hambrey 1991, who also quoted 
thickness at the grounding line as 900 m). 

Starting from the head of the glacier, it is obvi- 
ous from the contours of the surrounding basin 
that the main flow comes in from the southeast, 
this matches the observation of the 1958-59 Soviet 
Antarctic Expedition that ice from the area of the 
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Gamburtsev Subglacial Mountains (off this map 
by another 200 km, but covered on maps m69e51- 
87n75-80 and m69e51-87n78-815) flows northwest 
to Lambert Glacier. The main ice flow then passes 
by Mawson Escarpment (here at -8100.000 - - 

8180.000 N / 480.000 - 500.000 E UTM). The 
confluence with another major flow/depression is 
west of here, this is the Mellor Glacier inflow. 
The small concentric contour lines match some 
of the nunataks west of Mawson Escarpment, as 
described earlier (map m69e61-77n71-77 Upper 
Lambert Glacier). 

Lambert Glacier comes in from directly near 
Mawson Escarpment and has traceable flowlines 
(on LANDSAT images) for about 100 km far- 
ther upstream from Mawson Escarpment; Mellor 
Glacier flows approximately 20 km farther west, 
between Mellor and Lambert Glacier lie (from N 
to S) Cumpston Massif, Mt. Maguire, the Blake 
Nunataks, and Wilson Bluff; ice of (upper) Lam- 
bert Glacier and Mellor Glacier appears to also 
flow around Mt. Twigg and Mt. Borland; all these 
are nunataks which stick out of the flowing ice 
(Swithinbank 1988). The distinction between Mel- 
lor Glacier and Lambert Glacier ice does not seem 
to be unambiguous — on the USGS satellite image 
map (Ferrigno et al. 1996), all the ice described 
here is only Lambert Glacier, whereas the name 
“Mellor Glacier” is attributed to a smaller and 
subordinate glacier coming in from farther west. 
So, the main stream of flow into Lambert Glacier 
is actually termed Lambert Glacier, which makes 
the most sense. The third branch that joins Mel- 
lor Glacier and upper Lambert Glacier to form the 
main trunk of Lambert Glacier is Fisher Glacier. 
It is about as wide as Mellor Glacier and up- 
per Lambert Glacier and flows in from the west. 
Fisher Glacier is important for the flow properties 
of Lambert Glacier, as it has been hypothesized to 
surge (see discussion in section (E.7)). 

The rugged mass of the Prince Charles Mountains 
west of Lambert Glacier contrasts the fairly even 
gradient/slope of the American Highland to the 
east. Beaver Lake Peninsula is visible (but Beaver 
Lake is not well mapped, for reasons as discussed 
earlier for the Atlas map m69e61-77n67-721 Lam- 
bert Glacier). The valley north of Beaver Lake 
continues as a depression up to the 2000 m con- 
tour, this is occupied by Charybdis Glacier, several 
smaller western tributaries are seen. A branch of 
Charybdis Glacier flows south into Beaver Lake. 



One extends west to the 1400 m contour (south of 
Beaver Lake Peninsula). Some information on the 
geology of Beaver Lake is given in the description 
of map m69e61-77n67-721 Lambert Glacier (sec- 
tion D). 

The even gradient of the floating ice shelf is well 
visible, as are the irregular nature of the ice front, 
the overdeepening along the western and eastern 
margins of the ice stream due to shear stress (ac- 
tual part) and to satellite snagging effect (appar- 
ent overdeepening, larger than in reality). The in- 
flow of several glaciers from the west (near the 
front of Amery Ice Shelf) can be traced by the 
higher surface elevations on Amery Ice Shelf: 

1. 50 m higher for 70-km-E-W Glacier (northern- 
most) at -7640.000 N 

2. 40 m higher for 35-km-E-W Glacier at - 

7660.000 N 

3. 40 m higher for 30-km-E-W Glacier at - 

7700.000 N 

4. 30 m higher for 15-km-E-W Glacier 

5. 40 m higher for 10-km-E-W Glacier 

6. 40 m higher for (80-km-E-W) Charybdis Glacier 
at -7780.000 N, with large valley. 

In between these are rock promontories (mapped 
as eastward extensions of the 200 m contour). 
Rock promontories are distinguished from glacier 
inflows as follows: Inflowing glaciers have contours 
in steps of 10’s increasing from the elevation of the 
ice shelf, whereas rock promontories are seen in the 
200 m contour and have a crowding of the next 
lower contours. Some inflowing glaciers are also 
seen on a LANDSAT image (Swithinbank 1988, 
p. B73, fig. 54), where they are unnamed, as well 
as several promontories, including Foley Promon- 
tory and Ladan Promontory. The advantage of el- 
evation mapping is obvious in this area. The ex- 
tent of the inflowing glaciers cannot be seen on the 
LANDSAT image. 

Flow units 

Hambrey (1991) distinguishes 8 structurally de- 
fined flow unit boundaries (labeled 1-8 from W to 
E) from structural patterns in satellite imagery. 
The 3 main glaciers that join to form Lambert 
Glacier are Fisher Glacier (unit 4), Mellor Glacier 
(unit 5) and (upper) Lambert Glacier (unit 6). 
Unit (3) consists of ice entering via several glaciers 
that traverse the Prince Charles Mountains in an 
area that extends from just south to 300 km south 
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of Beaver Lake. Unit (2) is formed by Clraryb- 
dis Glacier (which enters north of Beaver Lake, 
a small branch of Charybdis Glacier flows south 
into Beaver Lake), and unit (1) is termed “North- 
west Amery Ice Sheet” , the sources are not identi- 
fied further. To the east of the main flow, several 
glaciers and a large ice stream enter from NE of 
Mawson Escarpment, this is flow unit (7) “Maw- 
son Escarpment Ice Stream” , and unit (8) is fed by 
a large ice stream entering Amery Ice Shelf from 
the east side less than 100 km from its terminus 
(unit (8) is termed “NE Amery Ice Sheet”). 



Ice surface features 

Dominant features visible in enhanced LANDSAT 
iamgery are longitudinal structures ( foliations ), 
which are surface expressions of three-dimensional 
structures, generally (but not always) parallel to 
margins of flow units. The origin of foliation is 
(most likely) the small and larger-scale isoclinal 
folding that occurs when the stratified ice from the 
interior inland ice is compressed into the narrow 
Lambert Graben (by gravitational forces). The 
primary flat layering is almost entirely transposed 
into vertical foliation, oriented parallel to the mar- 
gins of the flow units. Margins of flow units are me- 
dial moraines, which in the case of Lambert, Mel- 
lor and Fisher Glaciers consist of very little debris 
(Hambrey 1991, Hambrey and Dowdeswell 1994). 
These features have been previously referred to as 
flow lines (e.g. in Swithinbank 1988). 

Fisher and Mellor Glacier have zones of kilometer- 
long transverse crevasses with uncrevassed areas in 
between, in upper Lambert Glacier, crevasse fields 
are larger and occur less regularly, as deduced by 
Hambrey (1991) from LANDSAT imagery. 

After Fisher, Mellor and (upper) Lambert Glaciers 
have merged, Lambert Glacier passes through a 
transverse, concave zone of disturbed flow. Likely, 
there are bedrocks or riegels and the glacier steep- 
ens (Hambrey and Dowdeswell 1994). Further 
downglacier, the crevasses die out, and as Lambert 
Glacier enters the narrowest part of the Lambert 
Glacier trough, meltwater streams form on the sur- 
face and flow several kilometers (which means that 
few crevasses exist in this area), and lakes form on 
the surface. The existence of lakes and meltwater 
streams is an indicator of a relatively warm cli- 
mate. 



Because lower Lambert Glacier has a very low sur- 
face slope but higher velocity, Allison (1979, p. 
231) concludes that it moves almost completely 
by basal sliding. The LANDSAT image (fig. 53, p. 
B70, Swithinbank 1988) shows an extended area of 
rumpled ice to the west and south of an observed 
grounding line position (Morgan and Budcl 1975; 
Budcl et al. 1982) . The rumpled zone is bounded on 
one side by the (central) ice stream, on the north 
by the ice shelf, and in the west by rugged moun- 
tain ranges. The thickness gradient is 1.7 m/km 
(on average between thickness shots of 1000 m and 
640 m located 215 km apart). This is low, even for 
a floating ice shelf. The 640 m point is west of 
Gillock Island; the 1000 m point is approximately 
100 km south of the southern end of Beaver Lake. 

On our map, the gradient is approximately 0.02% 
= 0.011° below the grounding line and 0.032% = 
0.018° above the grounding line. 

Notes on grounding-zone indicators derived from 
image data and other data 

In his 1991 paper, Hambrey (1991) agrees with the 
grounding-line position determined by Budd et al. 
(1982), which is the position that matches our de- 
termination from of the grounding zone from satel- 
lite radar altimeter data (see section (E)). In a 
later paper, Hambrey and Dowdeswell (1994) in- 
vestigate areas located farther upglacier for pos- 
sible indicators of grounded ice from satellite im- 
agery: Ice surface features visible in LANDSAT 
imagery near Clemence Massif suggest that the 
ice may be afloat here. Features include (a) a fea- 
ture that is flat, 6 km long, located in a depression 
and could be a lake, (b) two elliptical 3-4 km de- 
pressions similar to ice dolines found on Antarc- 
tic ice shelves (ice dolines have been interpreted 
as melt lakes that drain periodically through frac- 
tures to the sea underneath an ice shelf, Mellor 
(I960)), and (c) large areas of ice-surface lakes. 
Not only are the interpretations of the features 
very vague, all three types of surface features are 
indicative of a low surface slope only and not nec- 
essarily of floating ice. Clearly, interpretation from 
satellite data is often an indicator rather than a 
proof. At the time of our determination of the 
grounding line, radar altimeter data south of 72.1° 
S were not yet available, and the area identified as 
the grounding zone is the one that satisfies the 
break-in-slope and roughness criteria best, in ad- 
dition to being in the neighbourhood of the po- 
sition determined by Budd et al. (1982) in the 
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field. LANDSAT data are generally less suited for 
grounding-line determinations than radar altime- 
ter data, since the criteria are related to elevation 
and morphology (roughness). 

Fricker et al. (2000) conclude that the grounding 
line is further upstream in Lambert Glacier, based 
on GPS observations and modeling. 

Amery Ice Shelf 

It is noteworthy that, while there are meltwater 
streams and lakes observed on Lambert Glacier, 
Amery Ice Shelf, located several hundred kilome- 
ters farther north, is not an area of ablation. The 
reason is that accumulation increases towards the 
coast. 



Only a relatively small part of the ice that enters 
the circum- Ant arctic ocean at the front of Amery 
Ice Shelf stems from the main Lambert Glacier 
(units Fisher, Mellor, upper Lambert Glaciers). 

In addition, forty percent of the ice mass is lost 
by basal melting near the grounding line and one 
third of that is replaced by freeze-on of saline 
(sea) ice (Robin 1983). The relatively high and 
coastward increasing accumulation leads to an es- 
timated 50 m part in ice thickness that is from 
snow. As a combination of these effects, less than 
half of the 270 m total thickness of Amery Ice Shelf 
at its front is ice from the Lambert Glacier system. 
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West Ice Shelf - ERS 1 DATA, 1995 




WGS84, Gaussian variog., central mer. 81, slope corrected, scale 
1:3000000, 000105 
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(F.6) Detail Map 6: West Ice Shelf (ERS-1 Data 1995) 

Atlas Map: m81e73-89n63-68 Leopold and Astrid Coast 

West Ice Shelf map area: (470.000-820.000 E/- 7270. 000- -7 520.000 N); scale 1:3.000.000 



The study of ice shelves provides (1.) an indicator 
of changes in the mass balance of Antarctic ice, 
as discharge from outlet glaciers changes the size 
and volume of an ice shelf, and (2.) an indicator of 
climatic warming, as ice shelves may warm up (vis- 
ibly indicated by melt ponds on their surface) and 
disintegrate in a warming climate. As we shall see, 
the West Ice Shelf may be an example of the first 
process. The second process affects northerly ice 
shelves more than southerly ice shelves — West Ice 
Shelf is at 66°-68°N (65.8° -67.8° N). Except for 



the ice shelves on the Antarctic Peninsula, some of 
which have already disintegrated, West Ice Shelf is 
one of the northernmost ice shelves. Shackleton Ice 
Shelf, about 200 km further east, extends north to 
64.5° Southern Latitude. 

This detail map shows West Ice Shelf on Leopold 
and Astrid Coast in East Antarctica, the next ice 
shelf to the east of Amery Ice Shelf. Leopold and 
Astrid Coast is bounded by ice shelves on its en- 
tire length from Barrier Bay in the west to Philippi 
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Glacier at Cape Penck in the east; Philippi Glacier 
(66° 45’S/88° 20’E) is on the eastern edge of the ice 
shelves. 

The extent of West Ice Shelf, the most prominent 
ice shelf on this coast is marked differently in var- 
ious sources: 

On the USGS satellite image map (Ferrigno et al. 
1996), the name West Ice Shelf is given to the en- 
tire ice shelf area off Leopold and Astrid Coast, 
on the National Geographic Atlas map (National 
Geographic Society 1992, p. 102) the name applies 
only to the area west of Mikhaylov Island. Philippi 
Glacier is a 25 km long glacier which flows north 
to the eastern end of West Ice Shelf (25 km west of 
Gaussberg) , named after a geologist of the German 
Antarctic Expedition 1901-1903 led by Drygalski. 
Hence, according to Alberts (1995), West Ice Shelf 
is the entire ice shelf area. 

On our detail map, there are two areas of ice 
shelf, a western part that extends narrowly into 
the sea, and a wider eastern part that sur- 
rounds Mikhaylov Island and Zavadovski Island. 
Mikhaylov Island and Zavadovski Island are the 
western and eastern highlands included in the 
eastern part of the West Ice Shelf, they are la- 
beled on the Atlas map m81e73-89n63-68 Leopold 
and Astrid Coast. To the west of the western, 
narrow shelf is Barrier Bay. 

The topography of West Ice Shelf suggests that it 
is fed by several small glaciers which descend from 
the rugged and steep coast (there is no satellite 
image in Switlrinbank (1988) to compare with). 



The western “tongue” measures 150 km from the 
coastline to the northwestern ice edge. This tongue 
has elevations of up to 70 m, located 50 m above 
the sea level, and 30-40 m above the sea level in 
the main part of the tongue. The eastern part con- 
sists of several areas that extend various distances 
out into the sea (51 km, 78 km, and 36 km from 
west to east). The central part around the islands 
has an elevation of 80 m (60 m above sea level), 
the ice edge appears to be 30 m high. 

Comparing the GEOSAT and the ERS-1 maps, 
there are notable differences in the seaward ex- 
tent of West Ice Shelf: The large ice tongue east 
of Barrier Bay extends a bit farther on the ERS-1 
map (1995) than on the GEOSAT map (1985-86), 
whereas the eastern section (around Mikhaylov Is- 
land and Zavadovski Island and east of the latter) 
appears to have retreated, most drastically in the 
easternmost part: from 100 km (in 1985-86) to less 
than 50 km (in 1995). Since Philippi Glacier is lo- 
cated here, this could mean a retreat of Philippi 
Glacier, or less mass discharge by the glacier, or 
calving of the ice shelf. However, since the ice shelf 
appears to have lost extent in the entire eastern 
area, but has several (about three) “tongues” or 
areas of locally maximal seaward extent, calving 
in all those areas seems less likely than decreased 
glacier flow in the eastern part of Leopold and 
Astrid Coast and in particular in Philippi Glacier. 
So, we have an area of an advancing glacier next 
to retreating glaciers (not an unusual, but an in- 
teresting phenomenon) . 
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Denman Glacier - ERS1 DATA, 1995 




WGS84, Gaussian variog., 
central mer. 105, slope 
corrected, scale 1:2000000, 

000106 

(F.7) Detail Map 7: Denman Glacier (ERS-1 Data 1995) 

Atlas Maps: m93e85-101n63-68 Queen Mary Coast and ml05e97-113n63-68 Knox Coast 
Denman Glacier map area: (200.000-300.000 E/-7250.000- -7 550.000 N); scale 1:2.000.000 

Denman Glacier is a large glacier on the end of tica (see also maps: m93e85-101n63-68 Queen 
Queen Mary Coast in Wilkes Land, East Antarc- Mary Coast, ml05e97-113n63-68 Knox Coast, 
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m93e85-101n67-721 Wilkes Land e85-101n67-721, 
ml05e97-113n67-721 Wilkes Land e97-113n67- 
721). 

Denman Glacier occupies a large valley, iden- 
tifiable on this map and extending at least to 
2200 m elevation (see map m93e85-101n67-721 
Wilkes Land e85-101n67-721). 

From the shape of the Denman Glacier Valley 
on the detail map, we conclude that the glacier 
follows a narrow deep trough (approximately 10- 
20 km wide) at the bottom of a wider valley. The 
valley is 180 km long from Shackleton Ice Shelf to 
the 2200 m contour. The drainage basin extends at 
least to the 3000 m contour, the divide to the west 
separates Denman Glacier drainage from Lambert 
Glacier drainage (map m93e75-llln71-77 Ameri- 
can Highland, to the east the boundary is Dome 
Charlie above 3200 m (see map mll7e99-135n71- 
77 Dome Charlie)). Possibly, the flanks of a preex- 
istent geologic trough in the bedrock were eroded 
in their upper parts to a wider valley, and addi- 
tional flow comes from the sides of the valley. To 
the northeast of Denman Glacier are the Bunger 
Hills (see map ml05e97-113n63-68 Knox Coast). 

Denman Glacier drains an area of 199.000 km 2 
(McIntyre 19999, after Swithinbank 1988, p. B59). 
At about (66.7° S/99° E), Denman Glacier enters 
Shackleton Ice Shelf. The glacier’s ice can clearly 
be distinguished from the shelf ice in the ERS- 
1 data map as an area of 30-40 m higher eleva- 
tion (distinghished by the contours 40-70 m above 
WGS 84, whereas the shelf ice is 30-40 m above 
WGS 84), this elevated area is 30 km wide close to 
the coast and about 20 km wide near the ice edge. 
Close to the coast is an area of 120 m elevation 
(above WGS 84) (the elevated area is too large to 
be a processing error). 

In 1974 LANDSAT MSS (multispectral scanner) 
imagery (Swithinbank 1988, fig. 47, p. B61), the 
offshore part of Denman Glacier that cuts through 
Shackleton Ice Shelf is identified by crevasse pat- 
terns, which are: (1.) a braided pattern with blocks 
of crevasses, (2.) a smoother area in the cen- 
ter, and (3.) a wide shear margin on the west- 



ern side and a narrow shear margin on the east- 
ern side. Denman Glacier takes a leftward (west- 
ern) turn, so the western margin is at the inside 
of the turn, hence there are more compressional 
forces on the inside. The patterns in area (1.) 
are similar to patterns observed in the center of 
Jakobshavns Isbrae (West Greenland), described 
by Mayer and Herzfeld (2000, 2001), Jakobshavns 
Isbrae also has a smooth longitudinal center, but 
symmetrical shear margins on both sides. Accord- 
ing to Swithinbank (1988), the braided crevasse 
patterns are subsectioned by rifts which “repre- 
sent lines of weakness that, at time of calving, 
will localize fractures”, i.e. they are predecessors of 
crevasses that determine calving boundaries (later 
iceberg edges). 

Above the grounding line, characteristic flowlines 
are visible in the LANDSAT image (no crevasse 
patterns are resolved, only flowline-parallel fea- 
tures). Between the extreme flowline features, 
Denman Glacier is 15 km wide; the valley is about 
twice as wide, and ice flows in from elevated areas 
in the east and west to join the Denman Glacier 
ice. The ice surface structure allows identification 
of the grounding line. 

About 10 km west of Denman Glacier is Nortlr- 
cliffe Glacier, about 40 km east of Denman Glacier, 
east of the Obruchev Hills, is Scott Glacier, both 
are much smaller than Denman Glacier and their 
flowlines are only distinguishable for a short dis- 
tance inland: 25 km for Scott Glacier and about 
50 km for Nortlrcliffe Glacier). Nortlrcliffe Glacier 
bifurcates around Davis Island, such that its east- 
ern branch joins Denman Glacier ice just north of 
the grounding line. 

From a comparison between a 1972 LANDSAT im- 
age and a 1:1.000.000 scale map of the Australia 
Division of National Mapping (1969), with 1956 
ice positions, Swithinbank (1988) concludes that 
Denman Glacier advanced 22 km between 1956 
and 1972, indicating a minimum rate of advance of 
1370 ma _1 (more if calving occurred). The Soviet 
Atlas Antarktiki (Tolstikov 1966, p. 162) gives a 
maximum rate of movement of 1500 ma” 1 for Den- 
man Glacier and 1300 ma -1 for Scott Glacier. 
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Vcmderford Glacier — ERS1 DATA, 1995 
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WGS84, Gaussian variog., central mer. 105, slope corrected, 
scale 1:1000000, 991203 





(F.8) Detail Map 8: Vanderford Glacier (ERS-1 Data 1995) 
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Atlas Maps: ml05e97-113n63-68 Knox Coast, mll7el09-125n63-68 Sabrina Coast 
Vanderford Glacier map area: (700.000-800.000 E/- 7350. 000- -7 500.000 N); scale 1:1.000.000 



Vanderford Glacier, mapped here at a scale of 
1:1.000.000, is located on Buck! Coast, Wilkes 
Land. It is the largest glacier in Vincennes Bay 
(650.000 to 750.000 E on the coast). The valley of 
Vanderford Glacier extends for 120 km southeast 
around Law Dome, seen here in part in the north- 
eastern corner of the detail map. Totten Glacier 
is on the other (eastern) side of Law Dome, and 
its valley reaches southwestward around the Dome 
(for 130 km), the valleys meet at a surface eleva- 
tion of 800 m (above the WGS84 ellipsoid). 

The Vanderford Glacier Valley has a gradient of 
about 100 m over 12 km (0.83% = 0.48° ) between 
400 m and 550 m elevation, and a somewhat larger 
gradient of 100 m over 6 km (1.7% = 0.95°) be- 
tween 140 m and 300 m elevation. There are two 



flatter areas, one at 550 m and one at 350-400 m in 
the western part of the valley. Ice discharges into 
Vincennes Bay at three locations: at 720.000 E is 
a small ice tongue that extends 25 km seaward 
and is fed by ice in the western part of the valley. 
At 740.000 E is a small bay filled with glacier ice 
(note the contours!), and at the head of Vincennes 
Bay at 750.000 E is glacier ice that fills the head 
of the bay to 25 km from the coast, it comes from 
the eastern part of the valley. In the USGS satel- 
lite image map (Ferrigno et al. 1996), all this is 
Vanderford Glacier. It could also be two glaciers, 
but only one name is given. According to Alberts 
(1995), Vanderford Glacier is only 8 km wide. It 
looks as if Vanderford Glacier is the ice in the head 
of the bay at 750.000 E. The Windmill Islands are 
north of Vanderford Glacier. 
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Totten Glacier - ERS 1 DATA, 1995 




WGS84, Gaussian variog., central mer. 117, slope corrected, 
scale 1:2000000, 000106 



(F.9) Detail Map 9: Totten Glacier (ERS-1 Data 1995) 

Atlas Map: ml 17el09-125n63-68 Sabrina Coast 

Totten Glacier map area: (350.000-551.000 E/-7380.000- -7500.000 N); scale 1:2.000.000 



Totten Glacier is located on Sabrina Coast in 
Northern Wilkes Land, East Antarctica, and 
southeast of Law Dome. Law Dome is bordered by 
Buck! Coast; the limit between Budcl Coast and 
Sabrina Coast is Cape Waldron at the western 
margin of Totten Glacier. 

To avoid confusion, the following should be noted: 
Williamson Glacier is a small glacier just west 
of Cape Waldron, and west of Totten Glacier; 
Fox Glacier is similarly small and 20 km further 
west of Williamson Glacier (according to Swith- 
inbank 1988, fig. 46, p. B60; and other than in- 
dicated on the National Geographic Atlas map 
(National Geographic Society 1992, p. 102) where 
Totten Glacier is not named but has the name 
’’Williamson Glacier” printed across it - and end- 
ing at the small Williamson Glacier). 

The valley of Totten Glacier reaches southwest- 
ward around Law Dome from the east for about 
130 km, whereas the valley of Vanderford Glacier 



reaches southeastward around Law Dome from the 
west for about 120 km, both valleys meet at a sur- 
face elevation of 800 m. 

Totten Glacier drains an area of 150.000 km 2 and 
has a balance discharge of 43 km 3 a -1 (McIntyre 
19999, after Swithinbank 1988, p. B57). Radio- 
echo soundings prove the existence of a subglacial 
valley. The velocity of ice entering Totten Glacier 
from the south (where the glacier flows in a west- 
northwesterly direction) is 280 ma^ 1 (near the 
1000 m contour on the Australian elevation map; 
spot soundings of ice thickness in the same area 
are 1450, 2000, 1900, 1500, and 1600 m. Ice-front 
velocities are 850-1200 ma -1 (Dolgushin 1966). 

While Vanderford Glacier (see detail map 8 (F.8)) 
does not extend far into the sea, Totten Glacier 
extends seaward for almost exactly 100 km, filling 
the bay between Law Dome and Sabrina Coast. 
The gradient of the offshore ice is very nicely 
mapped in the detail map. Notice that the gra- 
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client is almost constant below the 120 m contour; 
contours are given at 10 m levels down to 0 m 
(above WGS 84). The gradient between 80 m and 
120 m is 40 m over 20 km (0.2% = 0.11°); the 
steepest section is between 100 m and 90 m (10 m 
over 3 km corresponding to 0.3% = 0.19°). 

Noticeably, the gradient between 140 m and 120 m 
is much lower (20 m over 32 km; 0.06% = 0.36° 
). The gradient of the grounded glacier is 200 m 
over 32 km (0.6% = 3.6°)(400 m-200 m), that is 
10 times as much. 

A satellite image map of Totten Glacier (a com- 
posite of two LANDSAT 1MSS scenes, both from 
26 October 1973) is shown in Swithinbank (1988, 
fig. 66, p. B60), with contours of an Australia Di- 
vision of National Mapping map printed on it. On 
this map, Totten Glacier extends barely 20 km into 
the sea. Comparison of the LANDSAT map with 
the GEOS AT map and the ERS-1 map suggests 
that Totten Glacier advances into the ocean: On 
the GEOSAT map (1985-86), the glacier extends 
85 km into the sea, on the ERS-1 map (1995) 
95 km. If one measures “extension into the sea” 
from a line between the two headlands east (Cape 
Simonov) and west of the glacier, extent seaward is 
20 km (LANDSAT 1973), 30 km (GEOSAT 1985- 
86), and 40-45 km (ERS-1 1995), so the indica- 
tion of an advance certainly exists. The advance 
appears to be about 1 km per year. 

On the satellite image in Swithinbank (1988), Tot- 
ten Glacier has an upper area of relatively smooth 
ice with subtle flowline-parallel features and a 
sequence of depressions trending normal to the 
flowlines and spaced approximately 5 km apart 



in along-flow direction. More closely spaced and 
less pronounced depressions indicate a wavy sur- 
face morphology further west on the glacier sur- 
face. We conclude this is the grounded part of the 
glacier. Further down, the ice surface is charac- 
terized by rifts that trend across the glacier and 
are spaced increasingly close toward the ice front, 
where the ice appears crevassed and, further to- 
wards the margin, broken into pieces. The bound- 
ary between the two patterns probably marks the 
grounding line. If that position is the grounding 
line, then it also coincides roughly with the appar- 
ent coastline on the ERS-1 map (see detail map), 
and, furthermore, the seaward extent of the float- 
ing part is then 65 km on the 1973 satellite image. 
This gives the same figures of about 10 km ad- 
vance between 1973 and 1986 and 10 km between 
1986 and 1995. 

According to Swithinbank (1988), the grounding 
line is a small distance upglacier of the depression 
(seen on p. B59) and thus 110 km from the ice 
front! The conclusion of an advance is still correct 
in this case, because the locations of the steepest 
slopes, indicative of the coastline, are detectable 
on the satellite image also, and a line connect- 
ing those on the east and west sides of the glacier 
coincides with the boundary of the two patterns 
(i.e. the same head point for ice-extent measure- 
ments will still be used in LANDSAT, GEOSAT 
and ERS-1 maps). 

In summary, a comparison of maps from the 
three data sets — LANDSAT (1973), GEOSAT 
(1985-86), and ERS-1 (1995) suggests that Totten 
Glacier has been advancing at a rate of aproxi- 
mately 1 km per year. 
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(F.10) Detail Maps 10: Mertz Glacier, 11: Ninnis Glacier, 

and 12: Mertz and Ninnis Glaciers (GEOSAT Data 1985-86) 



Atlas Maps: mlflel33-lf9n63-68 Adelie Coast , ml53elf5-161n63-68 Ninnis Glacier Tongue, 
ml53elf5-161n67-721 Cook Ice Shelf 

Mertz Glacier map area: (350.000-f50.000 E/-7f38.000- -7 530.000 N); scale 1:1.000.000 
Ninnis Glacier map area: (f95.000-550.000 E/-7535.000- -7 590.000 N); scale 1:800.000 
Mertz and Ninnis Glaciers map mlf7elf2-lf8.5n66.5-68.5; scale 1:2.500.000 



Mertz Glacier - GEOSAT GM DATA, 1985-86 




WGS84, Gaussian variog., central mer. 147, scale 1:1000000, 
97041 6 
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Detail Map 10. Mertz Glacier. Scale 1:1.000.000 



Mertz Glacier (67°S/145°E) and Ninnis Glacier 
(68° S/147.5 0 E) are two outlet glaciers in East 
Antarctica with long tongues extending into the 
southernmost Indian Ocean. These tongues are at 



interesting, different stages of advance or retreat. 
Yet, the two glaciers are barely distinguishable in 
the Atlas maps. The following detail study demon- 
strates that a lot more information may be avail- 
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able — and sometimes hidden! — in the 3 km 
Atlas grids. 

Since both glaciers are located near the margin 
of the map, a regional topographic map show- 
ing both Mertz and Ninnis Glaciers (66.5-68.5° 
S/142.0-148.5 0 E) is constructed (detail map 12). 
To enhance the details in the glaciers and ice 
tongues, enlarged, individual topographic maps of 
Mertz Glacier (67.0-68.0° S/143.5-146.0 0 E) (detail 
map 10) and Ninnis Glacier (68.0-68.5° S/147. 0- 
148.5° E) (detail map 11) are given. In both maps, 
isohypses are are drawn for 0, 10, 20, ..., 140m 
(in steps of 10 m) and for 140, 160, ..., 400 m (in 
steps of 20 m), and for 400, 600, 800 m (in steps 
of 200 m) . A 20 m spacing is used between 140 m 
and 400 m to map the transition between the level 
of the ice cap and the level of the ice tongues. 

In the following, we consider accuracy and reliabil- 
ity of the radar altimeter maps, later, we also com- 
pare the advantages and disadvantages of radar al- 
timeter and SAR data, while the optimum results 
can be drawn from combining both data types 
(Herzfeld and Matassa 1997). 

Mertz Glacier is at UTM (360.000-440.000 E /- 
7525.000- -7440.000 N). Its drainage basin is a 
broad valley that is distinguishable at the south- 
ern map boundary. The sides of the western valley 
are transected by erosional features. At its head, 
the glacier is fed by a narrow valley, approximately 
4 km wide. The distance from the 80 m contour 
line at the head to the front is 85 km. In the eastern 
arm of Mertz Glacier there is a 20 m overdeepen- 
ing, centered at (415.000 E/-7510.000 N). This is 
located below the steepest part of the valley walls. 
Is is not an interpolation error, since the contours 
are really smooth. 

Mertz Glacier is about 27 km wide. The glacier 
tongue appears to extend about 45 km seaward of 
the coastline (see discussion below). The ground- 
ing line of Mertz Glacier is probably located in the 
vicinity of the 40-50 m contour. The 60 m contour 
still exhibits the indentation of the valley that con- 
tinues subglacially from the valley leading to the 
head of the glacier, while the 50 m contour does 
not. The 40 and 50 m contours show the signs of 
the eastern side valley. At 30 m, the tongue is def- 
initely floating. 

The following surface slopes were calculated along 
local gradients of the Mertz Glacier map: 0.049° 



(=0.0857%) between the 30 and 0 m contours for 
the floating tongue; 0.078° (=0.136%) in the direc- 
tion of the head valley and 0.143° (=0.25%) farther 
east between the 40 m and 70 m contours on the 
grounded ice; 0.286° (=0.5%) between the 80 m 
and 140 m contours in the head valley. The western 
side of Mertz Glacier valley has a slope of 0.573° 
(1%) between 80 m and 140 m, and a slope of 
0.8275° (=1.4%) between 140 m and 400 m. Above 
that, the slope increases with increasing elevation. 
The steepest area in the flanks of Mertz Glacier 
is located southeast of the overdeepening; it is in- 
clined 2.0045° (=3.5%) on average between 50 and 
140 m, and a shallower section (1.2412°= 2.16%) 
between 140 m and 400 m. In this region, the slope 
lessens above 400 m elevation. 

Ninnis Glacier is at UTM (500.000-540.000 E/- 
7550.000- -7580.000 N). The glacier tongue ap- 
pears to extend about 10-15 km seaward from 
the coastline (the coastline being identified by the 
steep gradient of contours) . Ninnis Glacier lies be- 
low a steep cliff, at 90 m above WGS84 and lower. 
The entire extension from the break in slope at the 
foot of the cliff to the 0 m contour line is 20 km. 
Ninnis Glacier is about 35 km wide. It does not re- 
ally have a tongue anymore (as opposed to 1913), 
as also noted by Wendler et al. (1996). 

The book “Geographic Names of the Antarctic” 
(Alberts 1995) gives the following information 
about Mertz and Ninnis Glaciers: Ninnis Glacier is 
a large, heavily hummocked and crevassed glacier 
which descends steeply from the high interior 
plateau to the sea in a broad valley (Alberts 1995, 
p. 527). Ninnis Glacier Tongue extended seaward 
for 48 km in 1962 (Alberts 1995, p. 527). Mertz 
Glacier is a heavily crevassed glacier, 72 km long 
and, in average, 32 km wide. It reaches the sea at 
Cape de la Motte and Cape Hurley. Discovered by 
Douglas Mawson (1911-1914), named after Xavier 
Mertz, an expedition member who lost his life on 
a sledge journey far east (7. Jan. 1913, see Ninnis). 
The glacier tongue is given as 72 km long, 40 km 
wide (no date given; Alberts 1995, p. 487). 

Wendler et al. (1996) study the advance and re- 
treat of the Mertz and Ninnis Glacier Tongues 
and describe their surface features based on satel- 
lite Synthetic Aperture Radar (SAR) data from 
JERS-1 (1993 data). In the sequel, we combine 
radar altimeter and SAR data to study changes in 
position, surface morphology, and elevation. 
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Mertz and Ninnis Glacier Tongues are located 
close to each other, but their behaviour has 
been opposite. The glaciers were first charted 
by Douglas Mawson in 1912-13, which provides 
a longterm view back in history. Mertz Glacier 
Tongue has grown both wider and longer since 
then, compared to 1913, the area of the Mertz 
Glacier Tongue increased until 1962 to 154.6% of 
its 1913 area of 3830 km 2 , growing mostly wider, 
and until 1993 to 211.3% (8100 km 2 ), increasing 
26 km in length. The latter corresponds to an 
advance of 0.9 m per year. Ninnis Glacier Tongue 
has retreated, in 1913 the tongue had an irregular 
shape and an area of 6060 km 2 , by 1962, it had 
retreated 90 km in length and shrunk to 56.6% of 
its 1913 area, by 1993, it had retreated a total of 
110 km and shrunk to 35.4% (2150 km 2 ) (Wendler 
et al. 1996, from the historic map by Mawson, an 
Australian map from 1962, and from SAR data). 

Surface patterns on Mertz Glacier, seen in SAR 
data in Wendler et al. (1996) suggest that the 
Mertz Glacier Tongue is floating for its entire 
length (the patterns are created in the grounded 
part of the glacier, in seawater, parts may break off 
- episodic calving) . There is a reduction in strain 
rate as the tongue becomes afloat. The mecha- 
nism for advance are similar to that described by 
Holdsworth (1974) for Erebus Glacier. The veloc- 
ity of advance of the glacier tongue is equal to the 
velocity of the ice stream at the grounding line, 
plus an increment due to longitudinal strain rates 
induced by hydrostatic imbalance at the front, mi- 
nus the calving rate. Rates measured from 1993 
and 1994 SAR data are 1.2 km a -1 , somewhat 
larger than 0.9 km a^averaged from the advance 
rate 1962-1993 (Wendler et al. 1996). The glacier 
may have accelerated in the near past, or calving 
may have occurred, or both. 

In contrast, Alaskan tidewater glaciers, typically 
located in deep fjords, have a cycle of slow ad- 
vance over timespans on the order of 1000 years 
and short phases of rapid retreat and disintegra- 
tion, after which the glacier tongue builds up again 
(Meier and Post 1987). The advancing process of 
the terminus involves abrasion of debris from the 
upglacier side of a frontal moraine (in front of 
the terminus) and deposition of the debris on the 
proglacial side (“bulldozer style”). The rate of ad- 
vance is only 10-100 m a” 1 . 

The surface shows braided patterns similar to 
those of Jakobshavns Isbrae (Mayer and Herzfeld 



2000), a fast-moving ice stream in Greenland. The 
centerline is visible in the braids, the patterns shift 
symmetrically to the outside and change to shear 
margin patterns towards the sides. 

The 1993 SAR image of Ninnis Glacier (Wendler et 
al. 1996) shows different patterns near the center- 
line, and a large rift across the ice tongue which 
suggests that the major part of the tongue will 
soon calve off also. Smaller blocks have already ro- 
tated and floated off the margins of Ninnis Glacier 
Tongue. 



Discussion on accuracy and reliability and com- 
parison SAR-RA mapping. 

Mapping of atlas type and careful analysis of the 
spatial structure and distribution of noise levels 
allows us to extend the limits of use of altimeter 
data for mapping. Bamber (1994) produced a map 
of Antarctica (from ERS-1 altimeter data) with 
20 km grids, reliable only in areas with a slope 
of less than 0.65° according to the author. The 
drainages of Mertz and Ninnis Glaciers are con- 
siderably steeper than that. Accuracy depends on 
topographic relief (see Herzfeld et al. 1993, 1994), 
with submeter accuracy on ice streams. However, 
the accuracy of a kriged map in areas of high topo- 
graphic relief refers to the pointwise error rather 
than to the error of the “mean” surface elevation 
mapped. The “pointwise error” is the probable dif- 
ference between a point on the map (estimated 
surface elevation) and a radar-altimetry-derived 
surface elevation; it depends on the averaging pro- 
cess of kriging. Shape and elevation of the sur- 
face at the Mertz Glacier drainage basin and on 
the glacier itself, however, are more accurate than 
inferred from the noise calculation, which is best 
conceived from inspection of the maps. The con- 
tour lines are smooth on the resolution of the 3 km 
grid. Smooth contour lines indicate a continuous 
or differentiable surface function with low error; 
little islands and edging contour lines indicate a 
rougher surface function with higher errors. That 
means the maps are reliable also in areas of steep 
terrain. 

An area with high relief is located on the western 
side of Mertz Glacier. Notice that the grid spacing 
of the subarea enlargements is the same 3 km as 
for the large map, and that a wealth of information 
only becomes available in the enlargement. 
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Neither satellite altimetry nor kriging is a tool 
designed to track the location of an ice cliff. Be- 
cause of the so-called snagging effect of the altime- 
ter, described in the section on altimetry over ice 
(C.1.1) (see Thomas et al. 1983; Partington et al. 
1987), the location of the ice edge is systematically 
wrong, differently so in descending and ascending 
orbits. In the Ice Data Record utilized in the Atlas, 
the ice edge is in the middle of both errors. 

Kriging employs a moving window averaging tech- 
nique, which results in smoothing the steep edges. 
However, the ice edge can still be inferred from the 
location of dense contours. Comparing our maps 
with the images in Wendler et al. (1996), we note 
that the results are surprisingly good. 

In the satellite-radar-altimetry-derived detail 
maps, Mertz Glacier Tongue appears to extend 
about 40 km seaward of the coastline, Ninnis 
Glacier Tongue about 20 km. On the map in 
Wendler et al .(1996, fig. 2), Mertz Glacier Tongue 
extends about 80 km off the (averaged) coastline, 
Ninnis Glacier Tongue about 20-30 km. One also 
needs to take into account that the SAR and 
altimeter data were collected at different times, 
hence 1993-1985=8 years, assuming 0.9 km or 
1.2 km advance per year following Wendler et al. 



(1996), the tongue of Mertz Glacier should have 
been 7.2 km or 9.6 km shorter in 1985 (GEOSAT 
time) than in 1993 (JERS-1 time). 

This indicates that, while SAR data are supe- 
rior to altimetry-based maps for location of the 
ice edge, changes in advance and retreat of a 
glacier can still be monitored from our Atlas maps. 
Radar altimeter data have the advantage of be- 
ing available for a longer time span (since the 
1978 SEASAT mission). SAR imagery shows sur- 
face features in the floating tongues, as interpreted 
above. The slope and gradient of the glacier sur- 
face are lost in the grey-shaded SAR image. Ad- 
ditional information on ice flux can be derived 
from the surface elevation in the altimetry-based 
DTMs, calculated for the drainage basins. 

In glaciologic summary, the tongue of Ninnis 
Glacier is retreating, whereas the tongue of Mertz 
Glacier is advancing, both due to inherent dy- 
namics of the glaciers. This is a good example of 
glaciers with different dynamic behaviour and ad- 
vance/retreat behaviour in the same local climate 
and time. 

In a summary of satellite data analysis, a maxi- 
mal amount of information can be obtained from 
a combination of SAR and radar altimeter data. 
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(F.ll) Detail Map 13: Rennick Glacier (ERS-1 Data 1995) 

Atlas map: ml65el57-173n67-721 Pennell Coast 

Rennick Glacier map area: (330.000-430.000 E/- 7745. 000- -7 995.000 N); scale 1:2.000.000 



Rennick Glacier is located in Victoria Land, it 
flows northward out of the Transantarctic Moun- 
tains and reaches the sea at Oates Coast in Ren- 
nick Bay. At 370 km long and 20-30 km wide, 
Rennick Glacier is one of the largest glaciers 
of the world. It occupies an almost straight 
fault-controlled trench (Dow and Neall 1974), 
the long north-south trending valley shown on 
maps ml65el57-173n67-721 Pennell Coast and 
ml65el47-183n71-77 Victoria Land. 

Additional contour lines have been added in the 
detail map to reveal the surface slope of Rennick 
Glacier — this was necessary, because the geoid 
and ellipsoid have an elevation difference near zero 
level of the WGS84 ellipsoid in this area of Antarc- 
tica. The resolution of the underlying DTM is 3 km 
by 3 km, the same as the Atlas maps. 

Offshore and east of the floating tongue is Zna- 
menski Island (70° 14’S/161° 51’E), a high, nearly 
round (4 km long), ice-coverecl island. The island 
was charted by the Soviet Antarctic Expedition in 
1958 and named after hyclrograplrer K.J. Znamen- 
ski, 1903-1941 (Alberts 1995, p. 833). On a LAND- 
SAT 3 RBV image in Swithinbank (1988, fig. 40, p. 
B50), the relief of Znamenski Island clearly stands 
out from the level of Rennick Bay. An RBV (re- 
turn beam vidicon) image has a very high resolu- 
tion, revealing glacier flowlines, surface expression 
of subglacial features and areas of crevasses and 
individual large crevasses. However, only very few 
RBV images with correct exposure have been re- 
ceived (Swithinbank 1988, p. B47). On the ERS-1 
map, the elevation of the island is over 200 m (its 
size is too large, a result of retracking altimeter 
data) . The floating tongue of Rennick Glacier ex- 
tends 40 km beyond Znamenski Island (not a good 
way of positioning the front because of the inac- 
curate size of the island), and 85 km north of the 
eastern shoreline. 

The grounding line of a glacier is determined 
by (a) a break in slope in the ice surface, 
and (b) a transition from rough ice of the 
grounded part to smooth ice of the floating 
part. According to both criteria, the grounding 



line appears to be crossing the glacier from (- 

7850.000 N/360.000 E) on its western side to (- 

7840.000 N/390.000 E) near the apparent south- 
west end of the island on its eastern side. An- 
other possibility is at (-7900.000 N/370.000 E) 
to (-7880.000 N/400.000 E) where a side glacier 
appears to enter from the east. 

Swithinbank (1988) places the grounding line 
across from Sledgers Glacier, using the existence of 
meltwater hollows and flows as an indication of the 
break in slope (water collects at the break in slope 
and flows downward from there, following the 
small gradient of the floating tongue), hence the 
glacier would float for 140 km length. Mayewski 
et al. (1979) concluded from radio-echosoundings 
that the glacier is afloat for at least 130 km. 

Using the second result, on our map, the floating 
part would be 57x2 totaling 114 km long (accord- 
ing to the first, 64 km). While conclusions from 
ground surveys are direct geophysical observation 
and usually better, the measurement from radar 
altimetry is surprisingly good in comparison. 

Ice thickness near the Sledgers Glacier mouth is 
800 m, it decreases to 180 m near Znamenski Is- 
land (fig. 42 in Swithinbank 1988). 

Canham Glacier is the largest glacier entering 
from the east (approximately 50 km south of 
Sledgers Glacier). 

The western slope of the valley side bordering the 
glacier and its tongue are steep, reaching 200 m 
in 2 km between 400 m and 200 m elevation, cor- 
responding to 10% slope, or 5.7 degrees on our 
map, so the slopes are likely even steeper in re- 
ality. To the south, the valley floor ascends grad- 
ually (200 m to 400 m over 20 km, 1% slope or 
0.6 degrees). The side of the valley south of the 
coast ascends 1000-1200 m in 12 km, correspond- 
ing to 0.0167% or 0.95 degrees, about 1 degree. 
The satellite images in Swithinbank (1988, fig. 40, 
41) show gradually rising ice-covered land to the 
west, which ascends to the Usarp Mountains 40 km 
to the west, and a series of mostly north-south 
trending smaller, rugged hills to the east of the 
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glacier (Bower Mountains). Gressit Glacier comes 
in from the west, and many small glaciers occupy 
the mountain valleys to the east. 

Swithinbank (1988) attributes about half of the 
width of Rennick Glacier near its front to ice 
from glaciers entering from the west, which is in- 
dicated by medial flowlines. Mapping of the ice 
sheet surface inland (Steed and Drewry 1982, af- 
ter Swithinbank 1988, p. B52) indicates that Ren- 
nick Glacier has a small drainage basin and re- 
ceives little, if any, ice from the interior section of 
the East Antarctic Ice Sheet. Evidence of flowlines, 
supraglacial meltwater lakes and a low surface gra- 
dient from source to grounding (1 in 85 =0.0117, 
equal to 1.17% and 0.67°) suggest a low velocity. 
From the front position seen on two LANDSAT 
MSS images 8 years apart, Swithinbank (1988, p. 



B52) concludes the velocity is 190 ma" 1 , so Ren- 
nick Glacier would be one of the slowest glaciers 
of the region, and ice flux at the front would be 
0.6 km 3 a -1 , which is very small for a large glacier. 

A larger Rennick Glacier once covered the area, in- 
cluding the Morozumi Range and Gressit Glacier 
(south of the grounding line position), and likely 
Rennick Glacier is in a stage of retreat (Mayewski 
et al. 1979, after Swithinbank 1988, p. B52). 

As found in studies of other detail glaciers, the 
largest amount of information in satellite glaciol- 
ogy is deduced from a combination of satellite 
images and elevation mapping from satellite. De- 
spite the different technologies and different error 
sources associated with each technology, the re- 
sults are surprisingly similar in some cases, and 
complementary in others. 
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David Glacier / Drygalski Ice Tongue — ERS-1 DATA, 1995 




WGS84, Gaussian variog., central mer. 1 65, slope corrected, scale 
1:1333333, 991209 



(F.12) Detail Map 14: David Glacier/Drygalski Ice Tongue 
(ERS-1 Data 1995) 

Atlas map: ml65el47-183n71-77 Victoria Land 



David Glacier/Drygalski Ice Tongue map area: 
1:1.333.333 

Drygalski Ice Tongue is the glacier tongue of 
David Glacier, an over 100 km long glacier that 
flows from the Antarctic Plateau west of Victoria 
Land through the Transantarctic Mountains, the 
Prince Albert Mountains, and reaches the Ross 
Sea at Scott Coast. The center coordinate of David 
Glacier is (75° 19’S/162°E). The glacier tongue ex- 
tends more than 100 km into the Ross Sea (beyond 
the map margin). David Glacier was discovered in 
1908 by the ’’Northern Party” of Ernest Shackle- 
ton’s Antarctic Expedition, this group was led by 
Prof. T.W. Edgeworth David of Sydney Univer- 
sity. Drygalski Ice Tongue (center coordinates (75° 
24’S/163°30’E)) was discovered by Robert Scott 
in 1902 and named for Erich von Drygalski, a con- 
temporary German Antarctic explorer (Alberts 



(360.000-510.000 E/-8300.000- -8400.000); scale 

1995, p.201). The capes to the sides of Drygalski 
Ice Tongue are Cape Philippi and Cape Reynolds. 

The drainage basin of David Glacier appears to 
extend 300 km west on the contour map: David 
Glacier is the largest glacier in the bowl-shaped 
area of the Antarctic Plateau west of Victoria 
Land. Because Priestly and Reeves Glaciers are 
also outlet glaciers, David Glacier does not drain 
the entire bowl, but likely a segment delineated by 
a diagonal line from the northern headland north- 
west and a diagonal line from the southern head- 
land southwest, the latter being indicated by to- 
pography (ml65el47-183n71-77 Victoria Land). 

According to McIntyre (199999, after Swithin- 
bank 1988) the drainage basin is 224.000 km 2 and 
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should have a balance discharge of 14 km 3 a -1 . Ac- 
cording to Steed and Drewry (1982) the drainage 
basin coincides with a subglacial trench that tran- 
sects the mountain range and extends inland for 
more than 300 km. This number matches our 
conclusions based on ice surface topography. The 
glacier is 2530 m thick at the ice fall at 900 m 
surface elevation. 

Some flowlines of upper David Glacier are dis- 
cernable on a LANDSAT 1 MSS image (in fig. 
35 in Swithinbank 1988, p.B44) 140 m upstream 
of the northern headland and 105 km upstream 
of an area of confluence of several branches, in 
the lower part of David Glacier. An aerial pho- 
tograph (Swithinbank 1988, fig. 36, p. B43) of the 



confluence area shows David Glacier as a heavily 
crevassed ice stream with distinctive flowlines. 

Drygalski Ice Tongue has extensional crevasses 
and groups of crevasses normal to the flowlines. 
On its margins there are feathery shear crevasses. 
These patterns are typical of floating glacier 
tongues. As the glacier ice leaves the valley, the 
longitudinal strain rate increases, the glacier thins 
rapidly (1190 m to 500 m over 40 km) and also 
spreads out (from 12 km at the mouth to 22 km). 
Large ice floes can break off near the ice tongue 
(20 km by 40 km), as the satellite image of 22 
February 1973 shows (Swithinbank 1988, fig. 34, 
p. B43). The landward end of the ice tongue moves 
at 580 ma" 1 , the speed 50 km from the coast is 
730 ma -1 (Holdsworth 1985). 
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(F.13) Detail Map 15: Thwaites Glacier (ERS-1 Data 1995) 

Atlas Map: m261e2^3-279n71-77 Walgreen Coast 

Thwaites Glacier map area: (200.000-350.000 E/-8280.000- -8380.000 N); scale 1:1.500.000 



Thwaites Glacier is located on Walgreen Coast 
in West Antarctica, about 200 km west of Pine 
Island Glacier (detail map 16, (F.14)). Thwaites 
Glacier and Pine Island Glacier are the two largest 
and fastest ice streams in Ellsworth Land and 
Marie Byrd Land, flowing at 2900 m a -1 (Thwaites 
Glacier) and 2400 m a -1 (Pine Island Glacier; after 
Ferrigno et al. 1998). According to the literature, 
they share the property that they are not pro- 
tected from interactions with the sea by ice shelves 
(but Pine Island Glacier has a small ice shelf, see 



(F.14)). These properties have led to the hypoth- 
esis that a possible collapse of the entire West 
Antarctic Ice Sheet may initiate in the Thwaites 
and Pine Island Glacier area (the dinsintegration 
hypothesis is discussed in the Pine Island Glacier 
section (F.14)). 

The ice fronts of Pine Island Glacier and Thwaites 
Glacier are very different — Pine Island Glacier 
terminates in a bay, and its ice forms a coverage of 
this bay. The ice in Pine Island Bay has the char- 
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acteristics of an ice shelf, as is seen in detail map 
16 Pine Island Glacier (F.14). Thwaites Glacier 
to the contrary, is totally unbounded by shelf ice 
or coastal confinements, it has a glacier tongue 
and seaward of that an iceberg tongue, which float 
loosely into the ocean. The glacier tongue is float- 
ing, and the iceberg tongue is grounded on shoals 
(Holdsworth 1985). 

On the Atlas detail map, there is no thick ice as- 
sociated with either one. The glacier tongue and 
iceberg tongue extend 100 km into the Amund- 
sen Sea, but do not have a sharp vertical ice edge, 
and the ice-surface elevation appears to be only 
10-15 m above the surrounding sea surface, with 
a maximum of 20 m in the eastern part (east of 
the glacier tongue proper). 

Hence, Thwaites Glacier extends further out into 
the sea than any other glacier. According to Lind- 
strom and Tyler (1985), the Thwaites Glacier 
Tongue moves 3.5 km a -1 . The location of the 
outline of the glacier tongue matches that in satel- 
lite imagery (Swithinbank 1988, p. B126, fig. 93). 
The disconnected piece may correspond to signals 
reflected off the iceberg tongue that is drifting 
away as mentioned in Ferrigno et al. (1998) (see 
below). The ice is very loosely connected due to 
lack of constraining forces, and characterized by 
extensional crevassing throughout. The ice of the 
iceberg tongue is only connected to that of the 
glacier tongue in a narrow spot (few kilometers of 
the total width of 65 km of the iceberg tongue). 
It appears that Thwaites Iceberg Tongue is bro- 
ken off from Thwaites Glacier Tongue and rotated 
about 40° westward, but has otherwise stayed in 
place, because it is grounded (1973 satellite image, 
Swithinbank 1988). 

Hence, there is clearly a difference in the geometri- 
cal properties of offshore ice of Pine Island Glacier 
and Thwaites Glacier. This observation leads to 
questioning whether both glaciers can be treated 
with the same type of disintegration model. 

The tongue was discovered in 1946-47 and has 
been existing since then. It has been hypothe- 
sized by Hughes (1977) that Thwaites Glacier 
surges, because the iceberg tongue increased by 
60% between 1965 and 1974, as noted by Southard 



and MacDonald (1974) and MacDonald (1976). 
(A glacier surge is a sudden acceleration of a 
glacier to up to 100 times its normal velocity. 
Only some glaciers surge. Surges occur quasi- 
periodically, with a short surge phase of rapid 
movement during which the glacier advances, and 
a long quiescent, normal phase.) Thomas et al. 
(1979) quote a photogrammetric velocity estimate 
of 2 km a -1 after R. Allen and consider that 
equilibrium velocity. The glacier drains an area of 
121.000 km 2 (McIntyre 19999) and should have a 
balance discharge of 47 km 3 a -1 . In later satellite 
imagery the iceberg tongue has broken off and is 
floating away by 1996 (Ferrigno et al. 1998), and 
the tongue has a shorter length again. 

The hypothesis of a possible surge, if correct, 
would indicate that Thwaites Glacier and Pine 
Island Glacier have different dynamic properties. 
Such a difference in the dynamics of the glacier 
would also result in differences in ice-sea interac- 
tion and vice versa. 

Another difference between Thwaites Glacier and 
Pine Island Glacier exists in surface and bed mor- 
phology — Pine Island Glacier occupies a large 
trough or basin but with a low gradient in its mid- 
elevation reaches (700-800 m) whereas Thwaites 
Glacier terminates on a steep section of Wal- 
green Coast that also has a relatively steep hin- 
terland (800 m elevation 60 km from the coast for 
Thwaites Glacier, 800 m elevation 200 km from 
the coast along a longitudinal profile of Pine Island 
Glacier), as follows from a comparison of the two 
detail maps. The main part of Thwaites Glacier 
occupies a deep trench that extends inland well be- 
low sea level. The drainage basin extends south to 
the area of the Hollick-Kenyon Plateau, to 350 km 
further south (measured to the 2000-m contour). It 
is not clear, however, how much of the area drains 
to Thwaites Glacier. 

Differences in the geometric characteristics of the 
floating parts and grounded parts of Pine Island 
Glacier and Thwaites Glacier as well as of their 
drainage basins leads to questioning whether both 
glaciers can be treated with the same type of dis- 
integration model. Indeed, differences in change 
behaviour have been observed in recent years (as 
referenced in the introduction). 
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Pine Island Glacier — ERS— 1 DATA, 1995 




WGS84, Gaussian variog., central mer. 261, slope corrected, scale 
1:2500000, 020725 
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(F.14) Detail Map 16: Pine Island Glacier (ERS-1 Data 1995) 



Atlas map: m261e243-279n71-77 Walgreen Coast- 

Pine Island Glacier map area: (400.000-700.000 E/-8250.000- -8450.000 N); scale 1:2.500.000 



Pine Island Glacier is located on Walgreen Coast 
in West Antarctica, in an area that is rarely vis- 
ited by expeditions. The glacier reaches the coast 
in Pine Island Bay south of Canisteo Peninsula. 

Pine Island Glacier appears to drain the entire 
area south of the coastal volcanic ranges that bor- 
der the northern coast of Ellsworth Land. The 
high elevation area at (660.000 E/-8180.000 N) 
indicates the Jones Mountains, the easternmost 
range of the volcanic province that extends to the 



Fosbick Mountains at 145° W (see other maps on 
the volcanic province, section (D)). Cosgrove Ice 
Shelf (further north) has a much smaller drainage 
basin which extends inland about 50 km, whereas 
the drainage basin of Pine Island Glacier extends 
350 km inland (eastward). From the ice divide, 
that is mapped by the 1200-m contour, ice drains 
eastward to the Ronne Ice Shelf (Rutford Ice 
Stream, glacier in Carlson Inlet, Evans Ice Stream, 
see maps m285e267-303n71-77 Ellsworth Land and 
m285e267-303n75-80 Zumberge Coast). 
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In the detail map, the surface topography of this 
large drainage basin is mapped with 50-m contours 
(between 600 m and 1000 m), rather than with 
200-m contours as in the Atlas maps. The gradient 
is lowest between 800 m and 700 m of elevation, 
and steeper above 800 m. Below 700 m, the surface 
steepens significantly to the coast (0.013 % = 0.76° 
), even in the center of the basin (100-m contours 
for 200 m-600 m elevation) . According to Crabtree 
and Doake (1982), the drainage basin of Pine Is- 
land Glacier is 214.000 km 2 +/— 20.000 km 2 and 
mass flux at the ice front is 25 +/— 6 gigatons, 
equal to 28 km 3 , per year. 

Pine Island and Thwaites Glaciers (see detail 
map 15 Thwaites Glacier) are the two largest ice 
streams that drain the northern margin of the 
West Antarctic Ice Sheet in Ellsworth Land and 
Marie Byrd Land. Thwaites Glacier is the fastest 
glacier in this area (2900 m a^ 1 ) followed by Pine 
Island Glacier (2400 m a -1 , after Ferrigno et al. 
1998). Pine Island Glacier and Thwaites Glacier 
are glaciologically important, because they play a 
significant role in scenarios of a possible break- 
up of the West Antarctic Ice Sheet. In the litera- 
ture, Pine Island Glacier and Thwaites Glacier are 
treated together as sharing the rare property of be- 
ing large glaciers, which do not end in ice shelves. 
These two properties are important in disintegra- 
tion models. 

Our map shows that Pine Island Glacier extends 
into Pine Island Bay, and its ice causes an increase 
of 80 m over the 30-m contour at the outer edge 
of Pine Island Bay. The entire bay, i.e. Pine Is- 
land Bay and the northern bay immediately south 
of Canisteo Peninsula, appears to be filled with 
ice with a 30-m step at the margin — so on the 
map this appears as shelf ice with a typical edge. 
The northern part is not named in the literature 
(to our knowledge). In satellite imagery (Swith- 
inbank 1988, Bindschadler 2002, Ferrigno et al. 
1998) Pine Island Glacier is also seen to enter a 
sheltered bay with a small ice shelf. The ice edge 
location, however, which is clearly seen in the de- 
tail map, cannot be seen in any published satellite 
image, because none of the image subsets extend 
far enough, hence a comparison is not possible. 

In that the ice from Pine Island Glacier fills a shel- 
tered bay, whereas the tongue of Thwaites Glacier 
extends into the open ocean, the glaciers are dif- 
ferent. This raises the question whether it is per- 
missible to treat them similarly in models. The ice 



of Thwaites Glacier forms the Thwaites Glacier 
Tongue which is clearly the result of lack of mate- 
rial (ice shelf or coast) that holds the glacier “to- 
gether” . 

Grounding line. The location of the 50 m contour 
(above WGS84) on the Atlas detail map of Pine 
Island Glacier matches the location of the ground- 
ing line determined from ERS-1 radar interferom- 
etry (Schmeltz et al. 2002). Criteria for determi- 
nation of the grounding line from DTMs are (1) 
break-in-slope criterion: grounded ice above the 
break in slope, floating ice below the break in 
slope; (2) surface-roughness criterion: smooth sur- 
face of floating ice, rough surface of grounded ice. 
A break in slope exists at the 50 m contour line. 
Another less significant break in slope is at the 
80 m contour line. From the contours it appears 
that the grounding line is between the 50 m con- 
tour and the 60 m contour. The roughness crite- 
rion is also met at the 50 m contour. The 40 m 
contour approximately outlines the location of the 
floating tongue of Pine Island Glacier protruding 
into Pine Island Bay. The grounded Pine Island 
Glacier extends 30 km into Pine Island Bay (mea- 
sured from a line connecting points on the north 
and south side of the glacier margin on the detail 
map). In Schmeltz et al. (2002) the grounding-line- 
to-front distance is about 40 km. The front is not 
determined well in radar altimeter data in general 
(Partington et al. 1987), so this is a fairly good 
correspondence. In contrast, the 1400 m sound- 
ing that marks the location of the grounding line 
in Crabtree and Doake (1982) is located much fur- 
ther upglacier (80 km from the front), this location 
is supported in Swithinbank (1988) in an analysis 
of a LANDSAT1MSS image (1973). 

This comparison is not undertaken to postulate 
that the grounding line of a relatively small glacier 
is better determined from radar-altimetry-derived 
DTMs than from interferograms of SAR data, 
but to demonstrate that the geostatistical method 
with a variogram-modeling approach as utilized 
in the Atlas detail maps is capable of deriving 
accurate and geophysically useful maps/DTMs in 
mathematically difficult data situations. (In gen- 
eral, backscatter data and elevation data are com- 
plementary in any data analysis as previously es- 
tablished (Herzfeld and Matassa 1997, Bamber 
and Rignot 2002).) In conclusion, the Atlas de- 
tail DTMs have an accuracy that is higher than 
previously thought possible because of the known 
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effects in altimeter data when crossing a break 
in slope, crossing an ice shelf edge, or retracking 
signals returned from areas with topographic re- 
lief. Furthermore, geostatistical methods applied 
to improved data sets (ATM data, GLAS data and 
RA data) as proposed here may be expected to 
yield optimal results. 

Role of Pine Island Glacier and Thwaites Glacier 
in instability models of the West Antarctic Ice 
Sheet. 

The hypothesis of disintegration of the West 
Antarctic Ice Sheet, which raised interest in Pine 
Island and Thwaites Glaciers because of its catas- 
trophic outlook, was first brought forward by 
Hughes (1973). Pine Island and Thwaites Glaciers 
are the fastest flowing glaciers in this part of 
Antarctica (Thwaites Glacier 2900 m a -1 and Pine 
Island Glacier 2400 m a -1 , after Ferrigno et al. 
1998). In the literature, Pine Island Glacier and 
Thwaites Glacier are treated together as sharing 
the rare property of being large glaciers, which do 
not end in ice shelves. These two properties are 
important in disintegration models. 

This area would most likely start a collapse of 
the entire West Antarctic Ice Sheet. The course of 
events in Hughes’ (1973) disintegration model is as 
follows (after Swithinbank 1988, p. B124): “Surg- 
ing could produce a basal water layer that would 
uncouple the ice from its bed and thus draw down 
the surface level of the ice sheet. In the absence 
of high bed rock sills to prevent it, the ground- 
ing line could migrate inland until ultimately the 
whole marine portion of the ice sheet is converted 
into an ice shelf.” 

As visible in satellite imagery (Swithinbank 1988, 
Bindschadler 2002, Ferrigno et al. 1998) as well as 
in the detail map, Pine Island Glacier enters a shel- 
tered bay with a small ice shelf, whereas Thwaites 
Glacier has a glacier tongue and an iceberg tongue 
which extend far into the ocean, and the hinter- 
land of the two glaciers is morphologically different 
(see above). Pine Island Glacier occupies a large 
trough that extends far inland and has a very low 
surface gradient, whereas Thwaites Glacier termi- 



nates on a steep section of Walgreen Coast. Conse- 
quently, the glaciers should be treated differently 
in models. 

The possibility that collapse of the West Antarc- 
tic Ice Sheet may lead to rapid sea-level rise in the 
near future is discussed in Bentley (1997). Assess- 
ment of the potential contribution to sea-level rise 
in the Amundsen sea varies (1.2 m from BEDMAP 
ice volume above sea level (Lythe et al. 2001) to 
zero because of absence of significant imbalance 
(Bentley and Giovinetto 1991)). A summary is also 
given in Vaughan et al. (2001). 

Recent changes. Hughes (1973) and Thomas et al. 
(1979) suggested that the northern part of the ice 
sheet could already be collapsing. The exception- 
ally low ice surface gradient, which is obvious east 
of Pine Island Bay, might support this hypothe- 
sis. In contrast, Crabtree and Doake (1982) mod- 
eled the longitudinal profile of Pine Island Glacier 
using steady-state assumptions and found no evi- 
dence of instability. From comparison of 1973 and 
1975 satellite images and 1966 aerial photographs, 
Swithinbank (1988) concluded 10 km retreat or 
calving. 

In recent work it has been reported that Pine Is- 
land Glacier is undergoing rapid changes. Retreat 
of the grounding line of Pine Island Glacier and in- 
crease in flow velocity has been observed from in- 
terferometric analysis of SAR data (Rignot 1998, 
2002; Schmeltz et al. 2002, Rignot et al. 2002), 
changes in crevassing of the glacier and changes in 
the ice front are visible in satellite imagery (Bind- 
schadler 2002, Ferrigno et al. 1998), ice surface 
elevation mapping indicates that the ice in the 
drainage basin is thinning (Shepherd et al. 2001). 
Thwaites Glacier exhibits much less activity (Fer- 
rigno et al. 1998, Bamber and Rignot 2002). 

Modeling and data analysis work on Pine Island 
Glacier is ongoing reflecting the importance of the 
problem. There is still a wide range of possible ex- 
planations for glaciodynamic processes that may 
explain the observed changes and in a more gen- 
eral scenario as well as on a larger scale provide 
understanding of the physics of ice sheet collapse. 




(G) Combination of SAR and Radar Altimeter Data: 
Lambert Glacier/ Amery Ice Shelf 



It has been noted previously that a maximum of 
information can be obtained from a combination of 
data from two sources, elevation and backscatter 
data (see for instance, section F.10). The maps of 
Lambert Glacier / Amery Ice Shelf presented here 
are examples of such a data combination; they are 
based on ERS-1/2 radar altimeter data and SAR 
data from the Canadian RADARSAT (Antarctic 
Mission). During the Antarctic Mission, the SAR 
sensor aboard RADARSAT was rotated such that 
it looked toward the South Pole — hence it covered 
the area that had been a gap in coverage in altime- 
ter and SAR data from previous satellite missions. 
There were two Antarctic Missions, data here stem 
from the first Antarctic Imaging Campaign, which 
lasted from 9 September to 20 October 1997. 

RADARSAT data from the 1997 Antarctic Imag- 
ing Campaign are utilized here in the form of a 
backscatter-data mosaic with 125 m compiled by 
Jezek et al (1999) at the Byrd Polar Research 
Center, Ohio State University, Columbus, Ohio, 
U.S.A., from many individual SAR scenes with 
25 m pixel resolution. The RADARSAT mosaic 
is mapped with polarstereographic projection, the 
total image has 40141 rows and 48333 columns of 
pixels, it is stored as an 8-bit image. The mosaic is 
available via the ftp site of the World Data Cen- 
ter for Glaciology A (National Snow and Ice Data 
Center, University of Colorado Boulder, Boulder, 
Colorado, U.S.A., see the website www.nsidc.org). 

Unfortunately, RADARSAT does not carry an 
altimeter. Therefore, ERS-1 and ERS-2 radar 
altimeter data are used in the compilation 
of SAR/radar altimeter maps of the Lambert 
Glacier/Amery Ice Shelf region. First, a combina- 
tion with 1995 ERS-1 altimeter data is performed, 



so it matches the atlas maps in time frame and 
data base and the large Lambert Glacier/Amery 
Ice Shelf region map in section F also in area. As 
for the Atlas maps, the time frame is 1 February 
- 1 August 1995. 

Second, an ERS-2 radar altimeter data time frame 
was selected to match the RADASAT Antarctic 
Mission time frame as closely as possible and to 
contain sufficiently many data points for construc- 
tion of a DEM (1 August to 31 October 1997). All 
those ERS-2 radar altimeter data stem from a 35- 
day-repeat-cycle mission. ERS-1 was not collect- 
ing radar altimeter data at this time anymore, the 
altimeter had decidedly been turned off by ESA, 
potentially a mistake considering that altimeter 
data are valubale, but relatively small data sets 
compared to SAR data. ERS-2 satellite radar al- 
timeter data were processed by the author’s group, 
analogous to ERS-1 data presented in earlier sec- 
tions of the Atlas. To facilitate comparison, the 
ERS-1/2 radar altimetry maps are presented here 
(Figures G-l and G-2). 

The software ENVI (Research Systems Incorpo- 
rated, Boulder, Colorado, U.S.A.) is employed 
to load the SAR mosaic and to select the sub- 
area of Lambert Glacier/ Amery Ice Shelf and 
its neighbourhood. Using a cubic convolution, the 
reference system of the mosaic subarea is con- 
verted to UTM coordinates. The mapped subarea 
is (215.000-785.000 E/-7578.000- -8322.000 N) in 
UTM coordinates with respect to central merid- 
ian 69° E (same projection as used for the Lam- 
bert Glacier/ Amery Ice Shelf region maps in the 
atlas, section D, and in sections E and F). This 
corresponds to an area of 570 km east-west and 
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e59-79n68-75, WGS84, Gaussian variog., central mer. 69, slope 
corrected, scale 1:5000000, 970730 



Figure G-l. Topography of Lambert Glacier/Amery Ice Shelf region from 1995 ERS-1 data. 

Time frame 01 February-01 August 1995 of ERS-1 Atlas maps. Elevations in meters above WGS84 ellipsoid, 
GEM-T2-referenced, slope-corrected. DEM calculated using ordinary kriging with Gaussian variogram model. 
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e59-79n68-75, WGS84, Gaussian variog., central mer. 69, slope 
corrected, scale 1:5000000, 020723 
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Figure G-2. Topography of Lambert Glacier/Amery Ice Shelf region from 1997 ERS-2 data. 

Time frame 01 August-31 October 1997. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, 
slope-corrected. DEM calculated using ordinary kriging with Gaussian variogram model. 
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744 km north-south and 4560 pixels east-west by 
5952 pixels north-south. 

However, before the image data set and the 
altimery-based DEM can be combined, the two 
data sets need to be coferenced, that is, both 
data sets need to be jointly geolocated such that 
geographic feautres in both data sets are asso- 
ciated with the same coordinates. Coreferencing 
of the RADARSAT SAR data and the gridcled 
ERS-2 altimeter data is a non-trivial task, as the 
RADARSAT data are distorted. Distortion of im- 
age data is a consequence of image data collection, 
and each correction for location still has a remain- 
ing error. 

Reference points that can be identified in both 
data sets can be used to improve the geolocation 
of the image data and the coreferencing of the two 
data sets. A total of 30 point were employed in 
the geolocation. The following 8 points are given 
as examples for reference points, as they can be 
identified visually in the maps: 

(1) Clemence Massif (72° ll’S/68°43’E), 1400 m 
(north of Mawson Escarpment) 

(2) Mount Johnston (71° 32’S/67° 24’E), 1770 m 
(south of Fisher Massif) 

(3) Sandilands Nunatak (70° 32’S/67° 27’E) (north 
of Mount Seaton, Nemesis Glacier) 

(4) Single Island (69°48’S/68° 36’E) (west of 
Amery Ice Shelf) 

(5) Mount Stinear (73° 04’S/66° 24’E), 1950 m 
(lower Fisher Glacier) 

(6) Mount Mather (73° 34’S/61°E) (west of 
Mount Menzies) 

(7) Pattrick Point (73° 28’S/66° 51’E) (between 
Lambert Glacier and Mellor Glacier) 

(8) Grove Mountains (72°45’S/ 75° E) (east of 
Mawson Escarpment) 

(9) Reinbolt Hills (70° 29’S/72° 30’E) (east of 
Amery Ice Shelf) 



The resultant maps are presented in Figures G- 
3 and G-4. As a result of the coreferencing, the 
contour lines of glaciers flowing into the Lam- 
bert Glacier system match the flowlines (the sur- 
face structures) with astonishing accuracy. Con- 
tour lines follow the ups and downs of topography 
created by surface feautres that are visible in the 
grey-shade image, as close inspection of the map 
will easily reveal. The largest differences between 
contour lines and ice outlines exist at the front of 
Amery Ice Shelf. Here, altimeter data are not ex- 
act, and the front location changes with ice flow 
and ice-berg calving. 

In the combined map, flow units of Lambert 
Glacier can be matched visually with elevation in- 
formation. 

Surface features of central Lambert Glacier/ Amery 
Ice Shelf are easily identifiable. Dominant features 
of relatively fast-moving glaciers are longitudinal 
structures ( foliations ), which are surface expres- 
sions of three-dimensional structures, generally 
(but not always) parallel to margins of flow units. 
These features are often termed “flow lines” in the 
glaciologic literature (see definitions in Hambrey 
1991 and Swithinbank 1988, summarized in sec- 
tion F.5). These foliations cannot only be traced 
in Landsat imagery, but also in SAR data. 

One can distinguish the flow lines of the ice as 
it accelerates on its way into the central Lambert 
Glacier/ Amery Ice Shelf area. Lambert Glacier fol- 
lows a geologic trough, which causes gravitative 
acceleration of the ice. Hambrey (1991) and Ham- 
brey and Dowdeswell (1994) identify 8 flow units of 
the Lambert Glacier/Amery Ice Shelf system (see 
section F.5), more are visible in this map, because 
the area is larger and hence some of the summa- 
rized units can be separated into several smaller 
glaciers. 

Lambert Graben is up to 2500 m deep. Mawson 
Escarpment is a straight-lined escarpment rising 
to 1000 m above sea level located east of Lambert 
Glacier. The wall of the graben, measured to the 
top of Mawson Escarpment, is a total of approxi- 
mately 3000 m high. Mawson Escarpment is easily 
identified to the east of Lambert Glacier. 
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The main flow of Lambert Glacier can be seen 
coming in from the southeast, this matches the 
observation of the 1958-59 Soviet Antarctic Ex- 
pedition that ice from the area of the Gam- 
burtsev Subglacial Mountains (off this map by 
another 200 km, but covered on maps m69e51- 
87n75-80 and m69e51-87n78-815) flows northwest 
to Lambert Glacier. The main ice flow then passes 
by Mawson Escarpment (here at -8100.000 

8180.000 N / 480.000 - 500.000 E UTM). In 
the SAR data, the flowlines of Lambert Glacier 
can be traced upstream to the edge of the map 
(about 200 km from Mawson Escarpment; 100 km 
in LANDSAT data (Swithinbank, 1988), the dif- 
ference may be caused by image area selection). 
Likely, it may be possible to trace Lambert Glacier 
even farther upstream. 

The confluence with Mellor Glacier, which joins 
Lambert Glacier from the west, is near (- 

8170.000 N/410.000 E), south of this point Cump- 
ston Massif is located. Cumpston Massif is the 
most northerly outcrop of a field of nunataks, eg. 
those south of (-8220.000 N/410.000 E); these 
include (from N to S) Cumpston Massif, Mt. 
Maguire, the Blake Nunataks, and Wilson Bluff; 
ice of (upper) Lambert Glacier and Mellor Glacier 
appears to also flow around Mt. Twigg and Mt. 
Borland. Fisher Glacier joins Mellow Glacier from 
the west, it has a small turn from a north-easterly 
flow direction to an almost precisely easterly di- 
rection near the left map edge at (-8150.000- - 

8190.000 N), where its northerly branch curves 
around a nunatak, a flow unit south of that 
nunatak is also part of Fisher Glacier. Fisher 
Glacier is important for the flow properties of 
Lambert Glacier, as it has been hypothesized to 
surge (see discussion in section E.7). With the 
help of flow features in SAR data, the individual 
glaciers are much more easily identified than in 
just altimeter data. 

North of Fisher Glacier, the surface is character- 
ized by undulating structures. Ice flows in many 
small units into Lambert Glacier from the west. 
These glaciers traverse the Prince Charles Moun- 
tains in an area from just south of Beaver Lake 
to about 300 km south of Beaver Lake (see also 
Hambrey and Dowdeswell 1994). The large glacier 
that comes in from the west-southwest is Clraryb- 
dis Glacier (at the left map edge near -7900.000 N, 
flowing diagonally to (-7830.000 N/430.000 E). 
Whereas in atlas DEMs alone, Charybdis Glacier 



can be traced to the 2000 m contour, in the combi- 
nation map it can be traced all the way to the map 
edge (corresponding to 2400 m) . One branch trims 
southward into Beaver Lake, in this area, there 
are too dense contour lines. Beaver Lake penin- 
sula is well-visible as an area of high reflectance 
in the SAR data and outlined by contours. Just 
to the north of Charybdis Glacier, another glacier 
of similar width enters Amery Ice Shelf from the 
west, this tributary flows almost exactly west-east. 
Several small, but less distinguishable, glaciers en- 
ter northern Amery Ice Shelf from the west. They 
can be traced better by higher surface elevations 
marking their inflow than by SAR data: 

(1) 50 m higher for 70-km-E-W Glacier (northern- 
most) at -7640.000 N 

(2) 40 m higher for 35-km-E-W Glacier at - 

7660.000 N 

(3) 40 m higher for 30-km-E-W Glacier at - 

7700.000 N 

(4) 30 m higher for 15-km-E-W Glacier 

(5) 40 m higher for 10-km-E-W Glacier 

(6) 40 m higher for (80-km-E-W) Charybdis 
Glacier at -7780.000 N, with large valley. 

The rugged mass of the Prince Charles Mountains 
south of Charybdis Glacier and west of Lambert 
Glacier contrasts the fairly even gradient/slope of 
the American Highland to the east. 

To the east of the main flow, several glaciers and a 
large ice stream enter from NE of Mawson Escarp- 
ment, these correspond to flow units (7) “Maw- 
son Escarpment Ice Stream” and (8) in Hambrey 
(1991; see section F.5), the latter is fed by a large 
ice stream entering Amery Ice Shelf from the east 
side less than 100 km from its terminus (unit (8) 
is termed “NE Amery Ice Sheet”). 

The difference in surface appearance between 
the grounded and the floating part of the ice- 
stream/ice-shelf system in the combined map sup- 
ports the determination fo the grounding as in 
the atlas maps (see section E.) Two different in- 
terpretations of grounding line location are given 
in Hambrey (1991; close in location to our deter- 
mination) and Hambrey and Dowdeswell (1994; 
farther upstream). 
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Figure G-3. Topography and morphology of Lambert Glacier/Amery Ice Shelf region from 1995 
ERS-1 data and 1997 RADARSAT data. Time frame 01 February-01 August 1995 of ERS-1 Atlas 
maps. Elevations in meters above WGS84 ellipsoid, GEM-T2-referenced, slope-corrected. DEM calculated using 
ordinary kriging with Gaussian variogram model. RADARMAP data from first Antarctic mission 9 September- 
20 October 1997. Mosaic with 125 m pixels. 
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Figure G-4. Topography of Lambert Glacier/Amery Ice Shelf region from 1997 ERS-2 data and 
1997 RADARSAT data. Time frame 01 August-31 October 1997 of ERS-2 data. Elevations in meters above 
WGS84 ellipsoid, GEM-T2-referenced, slope-corrected. DEM calculated using ordinary kriging with Gaussian 
variogram model. RADARMAP data from first Antarctic mission 9 September-20 October 1997. Mosaic with 
125 m pixels. 
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Comparison of the 1995 ERS-1 map of Lambert 
Glacier and the 1997 ERS-2 map indicates an ap- 
parent small increase in elevation and advance of 
the glacier, in continuation of the 1978-189 trend 
(as derived in chapter (E)). An exact assessment 
of a potentially existing orbit bias between ERS- 
1 and ERS-2 data from the selected time frames 
needs to be calculated to determine the accuracy 
of the conclusion of advance. In the comparison of 
SEASAT and GEOSAT data, a shift in the con- 
tour lines of 10 km was much larger than the effect 
of a general offset between the satellites. Further- 
more, ERS-1 and ERS-2 carry the same type of 
altimeter, and orbit determination has increased 
in accuracy (see Table B.2-1). In the areas sur- 
rounding the ice-stream/ice-shelf system, contours 
are largely identical, and small differences should 
be attributed to differences in ground-track loca- 
tions and in the search algorithm (Ralf Stosius, 
pers. comm., used a different search algorithm and 
kriging implementation in the 1997 map). 

The ice front has a different shape in the 1997 
RADARSAT data and the 1995 ERS-1 data. Since 
the icefront (a) changes and (b) is not well-mapped 
in altimeter data, the advantage of using SAR data 
is particularly evident here. Several large rifts ex- 



tend about 25 km into the fron of Amery Ice Shelf, 
indicating that the ice shelf is prone to calving a 
few huge icebergs in the near future (as an esti- 
mate, on the order of several years to ten years). 
The question arises whether unsually large vol- 
umes of ice will calve, and, given the catastrophic 
nature of calving events, whether this may be an 
indicator of climatically induced warming of Lam- 
bert Glacier/ Amery Ice Shelf, which may lead to 
partial disintegration of the Amery Ice Shelf, sim- 
ilar to more drastic events observed in iceshelves 
along the Antarctic Peninsula. On the other hand, 
occasional calving of large icebergs is common in 
ice sheets, and connections with warming may be 
difficult to draw. Several small icebergs are float- 
ing in the ocean offshore of the front of Amery Ice 
Shelf. 

In conclusion, combined maps from backscatter 
and elevation data allow investigation of several 
variables of glaciers and snow and ice surfaces 
in general, including surface morphology, ice-flow 
patterns, ice-fromt location, formation of large 
crevasses, undulations in slow-moving ice areas, 
surface gradients and elevation changes — and 
thus facilitate a broad and integrated approach to 
the study of the changing cryopshere. 
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(I) Appendix 



(1.1) Glaciological Glossary 

Blue-ice areas are bare-ice ablation areas. Abla- 
tion areas tend to develop downwind of obstacles 
that break up ice flow. The blue color results from 
seasonal melting and refreezing. 

Calving: One speaks of calving if an iceberg 
breaks off a glacier that terminates in an ocean, 
large lake, or fjord, or off an ice sheet, and the 
iceberg floats away; see also iceberg. 

Drainage basin: The drainage basin of a glacier, 
in particular of an outlet glacier of an ice sheet, is 
the entire area from which ice flows in that glacier. 

Equilibrium line: The equilibrium line is the line 
between the accumulation and the ablation areas 
of a glacier. 

Fast ice is a terminus for sea ice that is frozen to- 
gether; the term is used for instance to distinguish 
between shelf ice and internally connected sea ice. 
The fast ice is much thinner than an ice shelf. 

Fast-moving ice: Types of fast-moving ice in- 
clude (Clarke 1987) continuously fast-moving 
glaciers, surge-type glaciers, tidewater glaciers, 
and the West Antarctic ice streams, which form 
their own class, moving absolutely rather slowly 
but otherwise sharing properties of fast-moving 
ice. Fast-moving glaciers are relatively rare but 
important. 

Glacier: A glacier is a body of ice that moves fol- 
lowing gravity. In a narrower sense of the word, 
a mountain glacier or valley glacier is understood 
(glaciers in mountain ranges follow valleys). The 
term “glacier” is also used in a more general sense 
for an object out of a class of objects that in- 



cludes glaciers, ice sheets, ice streams, ice shelves, 
ice rises, ice piedmonts, outlet glaciers and val- 
ley glaciers. A glacier has an accumulation area 
and an ablation area. In the accumulation area, 
more mass is gained through snowfall, rainfall and 
condensation than is lost through ablation and 
evaporation or sublimation. In the ablation area, 
more mass is lost through ablation (and evapora- 
tion) than is gained through accumulation. Abla- 
tion needs to occur, however, for the area of mass 
loss to be termed “ablation area”; see also mass 
balance. The line separating the areas of mass loss 
and mass gain is the equilibrium line. This model 
assumes a temperate glacier. It is possible that a 
glacier is located entirely in a zone where no abla- 
tion occurs. A glacier flows downwards, following 
gravity, in case of a valley glacier it has a narrow 
tongue. A piedmont glacier ends at the foot of a 
mountain range, where it forms a wide lobus rather 
than a narrow tongue. 

Glacier tongue: A glacier tongue consists of 
floating glacier ice that is still connected (but pos- 
sibly heavily crevassed) and extends seaward from 
a glacier; see also iceberg tongue. A glacier tongue 
is the seaward extension of a single land glacier. 
Most glacier tongues are composed largely of land 
ice, other processes that contribute to the forma- 
tion of a glacier tongue are the same ones as out- 
lined for ice shelves; see also ice shelf. 

Grounding line: The grounding line of a glacier 
is defined as the transition of grounded ice (ice 
moving over rock) and floating ice (ice floating on 
water) of a glacier that extends from land into 
the ocean or a fjord. Oftentimes, a glacier has a 
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“grounding zone”, a transition zone, rather than 
a clear grounding line. 

The position of its grounding line may be used to 
monitor advance and retreat of a glacier, because 
small changes in ice thickness translate into large 
changes in grounding line position (for geometrical 
reasons because of the small surface slope typical 
of Antarctic ice streams). The principles are the 
following: Based on a model that assumes ideal- 
ized bedrock and perfect plasticity of ice, Weert- 
man (1974) showed that the surface slope of an ice 
sheet decreases with the transition from grounded 
to floating ice. Using this result, a break in slope 
may be taken as a grounding-line indicator. 

A second indicator of the grounding-line position 
is the surface roughness of the glacier and the ice 
stream: Sliding over the rough glacier bed induces 
a rougher surface topography than floating on the 
smooth water surface; this means that grounded 
glacier ice is rough and floating ice-slrelf ice is 
smooth. 

The grounding line is a feature suitable to monitor 
changes - if it can be observed. 

Grounding zone: Use of the term grounding line 
assumes that a clear line runs more or less straight 
across the glacier, identifying the boundary be- 
tween grounded ice on one side and floating ice on 
the other. On some glaciers the apparent ground- 
ing line meanders across the glacier, or patchy ar- 
eas indicate grounding on seafloor shoals. These 
features are indicators of a grounding zone rather 
than a grounding line. 

Iceberg: An iceberg is a piece of ice that broke off 
the floating part of a fjord glacier or an ice sheet; 
see also calving. 

Iceberg tongue: An iceberg tongue consists of 
loosely connected pieces of ice that float off the 
same land glacier (icebergs); typically, an ice- 
berg tongue is the seaward extension of a glacier 
tongue (but not every glacier tongue has an ice- 
berg tongue); icebergs calve off along the crevasses 
visible in the glacier tongue, as the glacier tongue 
moves seaward; see also glacier tongue. An exam- 
ple of a glacier that has both a glacier tongue and 
an iceberg tongue is Thwaites Glacier (see section 
F.13). 

Ice divide: Between two adjacent drainage basins 
an ice divide forms; see also drainage basin. Imag- 



ine that at first only a line separates two adjacent 
drainage basins; from either side of the line, ice 
flows in opposite directions. An ice divide is hence 
defined as a line that separates ice of opposing flow 
direction (more accurately, ice of opposing orien- 
tations of direction). In a digital elevation model, 
an ice divide may be recognized as a line connect- 
ing local maxima in elevation; an ice divide in the 
interior of Antarctica is often a smooth ridge. 

Ice doline: An ice doline is a large oval-slraped 
depression in an ice shelf. Ice dolines have been 
described as areas where ice caved in; the terms 
ice caldera, ice crater, ice volcano, which are 
less fitting, have also been used. The term “ice 
doline” follows Mellor and McKinnon (1960); see 
Swithinbank (1988, p. B10-11), where an example 
of an ice doline with a 1 km diameter observed in 
Princess Astrid Coast is given. 

Ice front: The ice front is the (waterward) edge 
of an ice shelf (which is floating on the water); see 
also ice shelf, ice wall. In Antarctica, ice shelves 
rise 2-60 m above sea level, hence the ice front is 
2-60 m high. According to Drewry (1983), 44% of 
the Antarctic “coastline” is made up of ice formed 
by fronts of ice shelves, 39% by ice walls, 13% by 
ice streams and outlet glaciers (which may have an 
ice front or ice wall) and only 5% by rock (after 
Swithinbank 1988 who distinguishes between “ice 
front” and “ice wall” ) . The term “ice front” is also 
used more generally for the forward (in the sense 
of flow) edge of a glacier, including ice fronts on 
land. 

Ice rise: An ice rise is a dome-shaped ice cap sur- 
rounded by shelf ice on the continental shelf, which 
consists of ice that does not flow in the direction of 
the surrounding ice but rests on a seafloor shoal on 
rocks. An ice rise may be considered an ice-covered 
island, but the bedrock may not necessarily rise 
above sea level. It is likely that most ice rises orig- 
inate from localized grounding of an ice shelf (but 
technically grounded areas are not part of an ice 
shelf). An ice rise is bounded by the grounding 
line, or, in case it faces the sea, by an ice wall; see 
also: ice shelf, ice rumple, grouding line, grounding 
zone. 

Ice rumple: Ice rumples form where an ice shelf 
flows over large seafloor shoals, and the ice thick- 
ness and surface elevation increases upstream of 
the shoal. Ice rumples have characteristic crevasse 
patterns. Upstream of those patterns, the ice sur- 
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face rises. — An example of an ice rumple shows 
concentric bulges transected by radially extend- 
ing lines of crevasses around a silghtly bulged, but 
otherwise undisturbed central area (the grounded 
area); the radially extending crevasse lines open 
in a direction normal to the lines of extension and 
hence approximately normal to the bulges. Some 
waviness disturbs the radial pattern, and some ad- 
ditional straight-line bulges intersect at a small 
oblique angle (Example of Donald Ice Rumples, 
Brunt Ice Shelf, Coats Land, Swithinbank 1988, 
fig. 9; the exact shape of the bulges depends on 
the shape of the seafloor shoal on which the rum- 
ples form). — The difference between an ice rum- 
ple and an ice rise is that the ice flow on top of a 
rumple matches that of the surrounding ice shelf, 
whereas the ice atop an ice rise rests on top of the 
shoal, and the shelf ice flows around the ice rise or 
is halted by it; see also ice rise. The direction of ice 
movement can be inferred from crevasse patterns. 
Some ice rises are more than 100 m high, but ice 
rumples are only a few tens of meters high. 

Ice sheet: An ice sheet is characterized best by 
the so-called shallow ice approximation of contin- 
uum mechanics: Its thickness is much less than its 
diameter (the shallow ice approximation uses a re- 
lationship of 1:100). An ice sheet is a glacier (see 
glacier ) that covers a region with complex bedrock 
topography, which may be understood in the con- 
text of shrinking or growing ice sheets: First, imag- 
ine a mountain range that contains valley glaciers. 
If the climate becomes increasingly colder, the val- 
ley glaciers will grow, until their ice has filled the 
valleys, after that, the ice will build up further and 
form a cap across the then sunken valleys — an 
ice sheet has formed. Flow is outward, locally still 
influenced by the location of the then subglacial 
valleys; see also ice stream, outlet glacier. Second, 
assume a large region that is covered with an ice 
sheet. In a warming climate, the ice sheet will 
shrink, and with further warming, the ice sheet 
will become less connected, until only glaciers in 
valleys of the bedrock are left. The Earth’s largest 
ice sheets are the Antarctic and Greenland Ice 
Sheets. But there are also much smaller areas that 
are covered by ice sheets, examples are an ice sheet 
on the Kenai Peninsula in southern Alaska and 
the Northern and Southern Patagonian Inland Ice 
Sheets. 

Ice shelf: Ice shelves are floating ice sheets that 
fall and rise with ocean tides. Thickness ranges 



from 10 m to 2000 m (Swithinbank 1988), most 
are between 100 m and 500 m thick. Ice sheets or 
glaciers may not terminate on land, but on water, 
either in fjords, where a glacier may form a floating 
glacier tongue, or on the ocean, where the glacier 
may form an ice shelf or a glacier tongue or calve 
off; see also glacier tongue, iceberg tongue, calving. 
An ice shelf consists of ice that originated as ice 
sheet or glacier ice that formed on land (freshwa- 
ter ice) with a bottom marine ice layer (ocean ice 
frozen to the bottom of the ice shelf) and possibly 
a top of snow or firn that accumulated and trans- 
formed on the ice shelf (freshwater ice). An ice 
shelf moves forward, that is, farther out into the 
ocean (or water body) by flow induced by the flow 
of the land glaciers that feed into the ice shelf, and 
by spreading in response to local snow accumula- 
tion. At the (seaward) front of a large ice shelf, 
no original land ice may be left, however, as dur- 
ing the time it has taken the ice to move from 
the inner areas to the outer areas of the ice shelf, 
ice mass may have been lost to bottom melting 
(into the ocean), and the top layers may have en- 
tirely formed from material accumulated after the 
ice crossed the grounding line (Swithinbank 1988). 
Since ice has a lower density than water (by 10 per- 
cent) and the more, than seawater (whose density 
varies with composition) , about | of the thickness 
of an ice shelf (or an iceberg) sticks out of the wa- 
ter and | are under water. Ice shelves can only 
exist in the cold climates of Antarctica. The only 
Arctic ice shelf broke off recently (late 2003). 

Ice stream: An ice stream is formed by ice within 
an ice sheet that flows much faster than the sur- 
rounding inland ice. Causes of ice-stream forma- 
tion are multiple, and in case an ice stream is dis- 
covered, the causes may not even be known. (1) 
The ice accelerates (dynamic cause). (2) Ice fol- 
lows a trough in the bedrock and hence acceler- 
ates (geologic cause) . (3) Warming or cooling may 
change ice-stream velocity, it may “switch” an ice 
stream “on” or “off”, as has been hypothesized 
about some of the West Antarctic Ice Streams 
(Siple Coast, Ross Sea/ Ross Ice Shelf). 

Ice wall: An ice wall is a vertical ice cliff that 
forms part of the coastline (as does an ice front 
in the narrower sense of the word; Swithinbank 
1988), but, other than at an ice front, an ice sheet 
is grounded at an ice wall; see also ice front. Water 
depth at an ice wall may be 0-500 m in Antarctica. 
If the rock basement is at sea level, the ice cliff is 
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termed strand ice wall, if it is below sea level, 
the cliff is termed neritic ice wall. From a ship 
approaching an ice cliff, an ice wall may be hard 
to distinguish from an ice front, as one cannot see 
whether the ice shelf is afloat at a given point. 

Ice-wall coastline: A typical ice-wall coastline 
may cross an island archipelago. Here, a narrow 
band of rock is visible at the foot of an ice cliff 
(except where ice streams cross the coastline) . Fur- 
ther advance of the ice wall is prevented by a rela- 
tively high marine melting rate, and consequently 
the ice-wall coastline is likely to remain in a sta- 
ble position that is mainly controlled by sea level 
(Hollin 1962). Ice walls can be in shallow water 
(strand ice wall) (ragged coastline); or submerged 
(neritic ice wall), the latter rest on rock that is up 
to several hundred meters below sea level. Typical 
surface velocities at the ice wall are 10-40 m a -1 . 

Mass balance: The ice sheet mass balance is the 
difference between mass input and mass output 
(or mass loss). Mass input processes are snowfall, 
rainfall, and condensation. Mass loss from an ice 
sheet can occur through evaporation, sublimation, 
surface and bottom melting, water runoff and ice- 
berg discharge. Total mass balance includes sur- 
face mass balance processes and ice-flow compo- 
nents. 

Melt pond: Melt ponds may form on the sur- 
face of an ice sheet or ice shelf or glacier during 
the melt season. In colder weather, the melt ponds 
may refreeze, either surficially (which poses a dan- 
ger to glacier travelers who may break through the 
surface) or entirely, forming blue-ice areas. Melt 
ponds and blue-ice areas are easily visible in satel- 
lite imagery, because they have a different albedo 
than the surrounding ice (unless the entire ice area 
is snow covered). As a large part of Antarctica is 
not in the ablation zone, new occurrence of melt 
ponds indicates warming of an ice shelf or an area 
of the inland ice. Hence melt ponds may be warn- 
ing signs of impending ice-shelf break-up in the 
near future, as has been observed in ice shelves 
that have recently disintegrated along the Antarc- 
tic Peninsula. 

Neritic ice wall: see ice wall. 

Outlet glacier: A glacier whose ice starts as part 
of an ice sheet, but then forms a distinguishable 
small glacier, as it, for instance, traverses a moun- 



tain range near the margin of the ice sheet, is 
termed an outlet glacier; see also ice stream. 

Polynia: A polynia is an open water anomaly. 

Relief energy: Mountainous terrain is character- 
ized by large changes in elevation over short dis- 
tances — this is termed “high relief energy” in ge- 
ography and is a better characterization than ab- 
solute elevation. On the altimetry-derived maps, 
individual mountains are not outlined because of 
the relatively low resolution of the altimeter com- 
pared to the size (area) of a mountain. The relief 
energy, however, still translates into rough terrain 
at this scale and type of mapping. 

Sea ice is ice that forms by freezing of sea water. 
There may be recent snow on top of sea ice. Sea 
ice may last from one season to many years. 

Shuga: Shuga is an accumulation of spongy white 
lumps formed by snow freezing together with crys- 
tals of rapidly freezing seawater. Shuga form when 
cold katabatic winds carry drift snow out from the 
land over the seawater. 

Snow megadunes: “Megadunes” is a term given 
to surface features observed in the snow and ice 
surface of Wilkes Land at elevations of roughly 
3000 m in the region (126 0 -132°E/76 0 -77° S) 
in LANDSAT 1MSS imagery (Swithinbank 1988, 
fig. 45, p. B57 58). The features are subparallel, 
slightly wavy, a bit offset to each other and have 
a characteristic distance of 2.5 km from one max- 
imum to the next. Swithinbank (1988) attributes 
the existence of such “megadunes” most likely to 
the redistribution of newly fallen snow by wind, 
with lighter bands representing newer snow than 
darker bands, or to morphologic structures, where 
slight change in slope may result in change in 
albedo. Snow megadunes are likely to be physically 
similar to sand megadunes, as described by Cor- 
nish (1914) and Bagnold (1941) for eastern Iran 
and the Namib desert; the height of sand dunes is 
several tens of meters, the height of snow dunes 1- 
2 m, so they may not be noticeable to the surface 
traveler. 

Strand ice wall: see ice wall. 

Surge-type glacier: A surge-type glacier is a 
glacier that does not move forward with about the 
same velocity at all times (or, a bit slower in win- 
ter than in summer, as usual alpine glaciers). To 
the contrary, the surge glacier has a long, quiescent 




359 



phase of continuous movement, during this time, 
ice builds up in a given part of the glacier. Sud- 
denly, a short surge phase starts, during which the 
glacier accelerates to about 100 times its normal 
velocity (the actual factor depends on the glacier), 



more ice is moved downglacier, and, due to high 
velocity, the ice surface breaks up in a maze of 
crevasses. The surge phase typically lasts one to 
a few years, the quiescent phase 25-100 years, de- 
pending on the glacier and the geographic area. 
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(1.2) Index of Place Names 



Abbot Ice Shelf 
Adams Glacier 
Adelaide Island 
Aclelie Coast 
Admirality Mountains 

Alasheyev Bight 
Alexander Island 

American Highland 

Amery Ice Shelf 
Amundsen Bay 
Amundsen Sea 

Assender Glacier 
Atka Iceport 

Bakutis Coast 
Banzare Coast 

Barrier Bay 

Beaver Glacier 
Beaver Lake 
Beethoven Peninsula 
Belgica Mountains 

Berkner Island 

Bjerkoe Peninsula 

Black Coast 

Borchgrevink Coast 
Borg Massif 
Breid Bay 
Bryan Coast 
Buchanan Bay 
Budcl Coast 
Byrd Glacier 

Caircl Coast 

Canisteo Peninsula 
Cape Carr 
Cape Darnley 

Cape Goodenough 
Cape Jules 
Cape Norvegia 



m261e243-279n71-77 

ml05e97-113n63-68 

m297e289-305n63-68 

ml41el33-149n63-68 

ml65el57-173n67-721 

ml65el47-183n71-77 

m45e37-53n63-68 

m292e284-300n67-721 

m285e267-303n71-77 

m69e61-77n67-721 

m69e51-87n71-77 

m69e61-77n67-721 

m45e37-53n63-68 

m237e219-255n71-77 

m261e243-279n71-77 

m45e37-53n63-68 

m357e349-5n67-721 

m345e337-353n67-721 

m237e219-255n71-77 

mll7el09-125n63-68 

ml29el21-137n63-68 

m81e73-89n63-68 

m81e73-89n67-721 

m57e49-65n63-68 

m69e61-77n67-721 

m285e267-303n71-77 

m33e25-41n67-721 

m45e27-63n71-77 

m309e291-327n75-80 

m309e291-327n78-815 

m69e61-77n63-68 

m69e61-77n67-721 

m292e284-300n67-721 

m309e291-327n71-77 

ml65el47-183n71-77 

m357e339-359n71-77 

m21el3-29n67-721 

m285e267-303n71-77 

ml41el33-149n63-68 

mll7el09-125n63-68 

ml41el23-159n78-815 

ml65el47-183n78-815 

m333e315-351n71-77 

m333e315-351n75-80 

m261e243-279n71-77 

ml29el21-137n63-68 

m69e61-77n63-68 

m69e61-77n67-721 

ml29el21-137n63-68 

ml41el33-149n63-68 

m345e337-353n67-721 



Cape Pepin 

Cape Robert 

Cape Spieden 

Carney Ramage Pt. Island 

Casey Bay 

Clarie Coast 
Coats Land 

Commonwealth Bay 
Constellation Inlet 

Cook Ice Shelf 
David Glacier 
Davis Bay 

Davis Sea 
Denman Glacier 



Dome Argus 



Dome Charlie 
Dott Ice Rise 

Douglas Range 
Drygalski Mountains 
Edward VII Peninsula 
Edward VIII Bay 
Eigths Coast 
Ekstroem Ice Shelf 

Enderby Land 
English Coast 
Erskine Iceport 
Executive Committee Range 

Fallieres Coast 
Filchner Ice Shelf 



Fimbul Ice Shelf 

Fisher Bay 

Fletcher Peninsula 
Fowler Ice Rise 
Freeman Point 



ml41el33-149n63-68 

ml41el33-149n63-68 

ml29el21-137n63-68 

m237e219-255n71-77 

m45e37-53n63-68 

m45e37-53n67-721 

ml29el21-137n63-68 

m309e291-327n75-80 

m333e315-351n75-80 

ml41el33-149n63-68 

m285e267-303n75-80 

m285e267-303n78-815 

ml53el45-161n67-721 

ml65el47-183n71-77 

ml29el21-137n63-68 

ml41el33-149n63-68 

m93e85-101n63-68 

m93e85-101n63-68 

ml05e97-113n63-68 

m93e85-101n67-721 

ml05e97-113n67-721 

m69e51-87n75-80 

m93e75-llln78-815 

m69e5 1-87 n78-8 1 5 

mll7e99-135n71-77 

m285e267-303n75-80 

m285e267-303n78-815 

m292e284-300n67-721 

m9el-17n67-721 

m213el95-231n75-80 

m57e49-65n63-68 

m261e243-279n71-77 

m345e337-353n67-721 

m357e349-5n67-721 

m45e37-53n67-721 

m285e267-303n71-77 

m21el3-29n67-721 

m237e219-255n71-77 

m237e219-255n75-80 

m292e284-300n67-721 

m309e291-327n75-80 

m333e315-351n75-80 

m309e291-327n78-815 

m333e315-351n78-815 

m9el-17n67-721 

m357e349-5n67-721 

ml41el33-149n63-68 

ml41el33-149n67-721 

m261e243-279n71-77 

m285e267-303n75-80 

m!29el21-137n63-68 
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George VI Sound 

Getz Ice Shelf 
Hays Glacier 
Heimefront Range 
Henry Ice Rise 

Herbert Mountains 

Hercules Inlet 
Heritage Range 
Hillary Coast 

Hobbs Coast 
Hollick-Kenyon Plateau 

Hull Bay 
Hull Glacier 
Icestream D 
Icestream E 

Ingrid Christensen Coast 

Jason Peninsula 
Jelbart Ice Shelf 
Joinville Island 
Jutulstraumen Glacier 

Kemp Coast 

King Peninsula 
Kirwan Escarpment 
Knox Coast 

Korff Ice Rise 

Kraul Mountains 

Lambert Glacier 



m292e284-300n67-721 

m285e267-303n71-77 

m237e219-255n71-77 

m45e37-53n63-68 

m357e339-359n71-77 

m285e267-303n78-815 

m309e291-327n78-815 

m333e315-351n78-815 

m357e339-15n78-815 

m285e267-303n78-815 

m285e267-303n78-815 

ml65el47-183n75-80 

ml65el47-183n78-815 

m237e219-255n71-77 

m261e243-279n75-80 

m261e243-279n78-815 

m237e219-255n71-77 

m213el95-231n71-77 

m213el95-231n78-815 

m213el95-231n78-815 

m69e61-77n67-721 

m81e73-89n67-721 

m297e289-305n63-68 

m357e349-5n67-721 

m297e289-305n63-68 

m357e349-5n67-721 

m357e339-359n71-77 

m57e49-65n63-68 

m57e49-65n67-721 

m261e243-279n71-77 

m357e339-359n71-77 

ml05e97-113n63-68 

m285e267-303n75-80 

m285e267-303n78-815 

m333e315-351n71-77 

m357e339-359n71-77 

m69e61-77n67-721 



m69e51-87n71-77 



Land Glacier 
Larsen Ice Shelf 

Lassiter Coast 

Law Dome 

LeMay Range 
Leopold and Astrid 



m213el95-231n71-77 
m297e289-305n63-68 
m292e284-300n67-721 
m285e267-303n71-77 
m309e291-327n71-77 
ml05e97-U3n63-68 
mll7el09-125n63-68 
m292e284-300n67-721 
Coast m81e73-89n63-68 



m81e73-89n67-721 

Lillie Glacier ml65el57-173n67-721 

Luetzow-Holm Bay m33e25-41n67-721 

Luitpold Coast m333e315-351n75-80 

m333e315-351n78-815 



Mac Robertson Land 

MacKenzie Bay 
Marguerite Bay 
Martin Peninsula 
Matuseviclr Glacier 
Maury Bay 
Mawson Coast 



Mawson Escarpment 
Mawson Peninsula 
McCarthy Inlet 

Mertz Glacier 

Mikhaylov Island 
Minnesota Glacier 

Moscow University 
Ice Shelf 
Mount Lister 
Mt. Gray 

Mt. Longhurst 

Mt. Melbourne 
Mt. Minto 

Mt. Northhampton 
Mulock Glacier 
Napier Mountains 
Ninnis Glacier 

North Highland 
Oates Coast 
Ob Bay 
Paulding Bay 
Penck Through 
Pennell Coast 
Perry Bay 
Philippi Glacier 
Pine Island Bay 
Polar Record Glacier 

Porpoise Bay 
Pourquoi Pas Glacier 
Prestrud Inlet 
Prince Albert Mountains 



m57e49-65n67-721 

m69e51-87n71-77 

m69e61-77n67-721 

m292e284-300n67-721 

m237e219-255n71-77 

ml53el45-161n67-721 

ml29el21-137n63-68 

m57e49-65n63-68 

m69e61-77n63-68 

m57e49-65n67-721 

m69e61-77n67-721 

m69e51-87n71-77 

ml53el45-161n67-721 

m309e291-327n75-80 

m309e291-327n78-815 

ml41el33-149n63-68 

ml41el33-149n67-721 

m81e73-89n63-68 

m285e267-303n75-80 

m285e267-303n78-815 

mll7el09-125n63-68 

ml65el47-183n75-80 

m213el95-231n71-77 

m237e219-255n71-77 

ml41el23-159n75-80 

ml65el47-183n78-815 

ml65el47-183n71-77 

ml65el57-173n67-721 

ml65el47-183n71-77 

ml65el47-183n71-77 

ml65el47-183n75-80 

m57e49-65n63-68 

ml41el33-149n67-721 

ml53el45-161n67-721 

ml29el21-137n63-68 

ml65el57-173n67-721 

ml65el57-173n67-721 

mll7el09-125n63-68 

m357e339-359n71-77 

ml65el57-173n67-721 

ml29el21-137n63-68 

m93e85-101n63-68 

m261e243-279n71-77 

m69e61-77n67-721 

m81e73-89n67-721 

ml29el21-137n63-68 

ml29el21-137n63-68 

m213el95-231n75-80 

ml65el47-183n71-77 

m!65el47-183n75-80 



Prince Charles Mountains m57e49-65n67-721 

m69e61-77n67-721 

m69e51-87n71-77 
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Prince Olav Coast m45e37-53n67-721 
Princess Astrid Coast m9el-17n67-721 
Princess Martha Coast m333e315-351n71-77 
Princess Ragnhild Coast m21e!3-29n67-721 



Prydz Bay 
Queen Mary Coast 
Rayner Glacier 
Rennick Glacier 
Riiser-Larsen Ice Shelf 

Riiser-Larsen Peninsula 
Ritscher Upland 
Robert Glacier 
Roberts Inlet 

Rockefeller Mountains 
Rockefeller Plateau 

Ronne Ice Shelf 



Roosevelt Island 



Ross Ice Shelf 



Royal Society Range 
Ruppert Coast 
Rydberg Peninsula 
Sabrina Coast 

Saunders Coast 

Scott Coast 

Scott Mountains 
Seal Bay 
Seaton Glacier 
Sentinel Range 

Slrackleton Ice Shelf 

Shackleton Range 
Shirase Coast 



m33e25-41n67-721 

m69e61-77n67-721 

m93e85-101n63-68 

m45e37-53n67-721 

ml65el57-173n67-721 

m333e315-351n71-77 

m357e339-359n71-77 

m33e25-41n67-721 

m357e339-359n71-77 

m57e49-65n63-68 

m309e291-327n75-80 

m309e291-327n78-815 

m213el95-231n75-80 

m213el95-231n78-815 

m237e219-255n78-815 

m285e267-303n71-77 

m309e291-327n71-77 

m285e267-303n75-80 

m309e291-327n75-80 

m285e267-303n78-815 

m309e291-327n78-815 

ml89el71-207n75-80 

m213el95-231n75-80 

ml89el71-207n78-815 

m213el95-231n78-815 

ml65el47-183n75-80 

ml89el71-207n75-80 

m213el95-231n75-80 

ml65el47-183n78-815 

ml89el71-207n78-815 

m213el95-231n78-815 

ml65el47-183n75-80 

m213el95-231n71-77 

m285e267-303n71-77 

mll7el09-125n63-68 

mll7el09-125n67-721 

m213el95-231n71-77 

m213el95-231n75-80 

ml65el47-183n71-77 

ml65el47-183n75-80 

m45e37-53n63-68 

m345e337-353n67-721 

m57e49-65n63-68 

m261e243-279n75-80 

m261e243-279n78-815 

m93e85-101n63-68 

ml05e97-113n63-68 

m333e315-351n78-815 

ml89el71-207n75-80 

m213el95-231n75-80 

m213e!95-231n78-815 



Shirase Glacier 

Siple Coast 

Siple Island 
Skytrain Ice Rise 

Slessor Glacier 
Smygley Island 
Sor Rondane Mountains 
Sorsdal Glacier 
Spaatz Island 
Stancomb-Wills Glacier 
Tange Promontory 
Taylor Glacier 
Terra Nova Bay 
Theron Mountains 



Totten Glacier 
Tucker Glacier 
Tula Mountains 

Union Glacier 
Usarp Mountains 

Valkyrie Dome 
Vanderford Glacier 



Veststraumen Glacier 

Victor Bay 
Victoria Land 
Vincennes Bay 
Vinson Massif 

Voyeykov Ice Shelf 
Walgreen Coast 
Watt Bay 
Weddell Sea 



West Ice Shelf 

Wilhelm II Coast 
Wilkins Coast 
Wilkins Ice Shelf 
Wohlthat Mountains 

Wordie Ice Shelf 
Zavadovskiy Island 
Zumberge Coast 



m33e25-41n67-721 

m45e37-53n67-721 

ml89el71-207n78-815 

m213el95-231n78-815 

m237e219-255n71-77 

m285e267-303n75-80 

m285e267-303n78-815 

m333e315-351n78-815 

m285e267-303n71-77 

m21e3-39n71-77 

m81e73-89n67-721 

m285e267-303n71-77 

m333e315-351n71-77 

m45e37-53n63-68 

ml65el47-183n75-80 

ml65el47-183n71-77 

m333e315-351n75-80 



m45e37-53n63-68 

m57e49-65n63-68 

m285e267-303n78-815 

ml53el45-161n67-721 

ml65el57-173n67-721 

m45e27-63n75-80 

ml05e97-113n63-68 

mll7el09-125n63-68 

mll7el09-125n67-721 

m333e315-351n71-77 

m357e339-359n71-77 

ml41el33-149n63-68 

ml65el57-173n67-721 

ml05e97-113n63-68 

m285e267-303n75-80 

m285e267-303n78-815 

ml29el21-137n63-68 

m261e243-279n71-77 

ml41el33-149n63-68 

m309e291-327n71-77 

m333e315-351n71-77 

m309e291-327n75-80 

m333e315-351n75-80 

m81e73-89n63-68 

m81e73-89n67-721 

m93e85-101n63-68 

m292e284-300n67-721 

m292e284-300n67-721 

m9el-17n67-721 

m21e3-39n71-77 

m292e284-300n67-721 

m81e73-89n63-68 

m285e267-303n75-80 



Thwaites Glacier Tongue m261e243-279n71-77 
Thyer Glacier m45e37-53n63-68 

m45e37-53n67-721 
mll7el09-125n63-68 
m!65el47-183n71-77 




(1.3) Antarctic Expeditions 
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(1.3.1) Early Seagoing Expeditions 

The goal of early expeditions to southern oceans 
was to answer the question of existence of a 
southerly “Antarctic” continent. The following list 
summarizes some important steps of discovery and 
claims to fame. A short narrative is found in Rubin 
(1996). 

17 January 1773 James Cook (England), first 
crossing of Antarctic circle, three world cir- 
cumnavigations 1768-1771, 1772-1773, 1776- 
1779, discovery of islands (no Antarctic main- 
land discovered) 

27 Jan 1820 Fabian von Bellingshausen and 
Mikhail Lazarev (Russia), first sighting of 
Antarctic mainland near (69° 21’S/2° 14’W), 
mapping of Princess Martha Coast and 
Princess Ragnhild Coast 

1819-1822 James Weddell (England), seagoing 
expeditions, 1822 discovery of South Orkney 
islands, reached 74° 15’ S in Weddell Sea, but 
no part of the Antarctic continent 

30 Jan 1820 Bransfield (British expedition), 
sighting of Antarctic Peninsula 



16 Nov 1820 Natlranial Palmer (USA), seal- 
ing expedition, sighted Trinity Island, Palmer 
Land, Antarctic Peninsula. Expedition mem- 
ber Powel went ashore at Coronation Island. 

1820, 1821 Two sealers landed on the Antarc- 
tic Peninsula, first reported landings on the 
Antarctic continent, John Davis (Nantucket, 
USA) on 17 Feb 1821, John McFarlane (Lon- 
don, England) at an unreported date in sum- 
mer 1820/21. 

1780—1892 Circa 1100 sealing ships to Antarc- 
tica (possibly earlier unreported landings), 
only 25 exploratory expeditions 

1895 Claim to first landing in Antarctica, 
Leonard Kristensen (Captain) and expedition 
member Carsten Borchgrevink and ship’s boy 
Alexander Tunzleman 

1899 First overwintering expedition on Antarctic 
continent, led by Carsten Borchgrevink (near 
Cape Adare) 
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(1.3.2) Expeditions to the Antarctic Continent 



Table 1. 3. 2-1. List of Selected Expeditions to the Antarctic Continent. List follows Alberts (1995). 



1838-42 

1897- 99 

1898- 1900 
1901-03 
1901-04 

1901- 04 

1902- 04 

1903- 05 

1907- 09 

1908- 10 

1910- 13 

1911- 12 
1911 -14 

1928- 30 

1929- 31 

1933- 35 

1934- 37 

1938- 39 

1939- 41 

1946- 47 

1947- 48 
1947-48 

1947- 

1948- 

1949- 52 
1955-58 
1955- 

1955- 

1956- 

1956- 

1957- 58 

1957- 

1958- 
1962-63 



United States Exploring Expedition (Charles Wilkes) 

Belgian Antarctic Expedition (Adrien de Gerlache) 

British Antarctic Expedition (Carstens E. Borchgrevink) 

German Antarctic Expedition (Erich von Drygalski) 

British National Antarctic Expedition (Robert F. Scott) 

Swedish Antarctic Expedition (Otto Nordenskjold) 

Scottish National Antarctic Expedition (William S. Bruce) 

French Antarctic Expedition (Jean B. Charcot) 

British Antarctic Expedition (Ernest H. Shackleton) 

French Antarctic Expedition (Jean B. Charcot) 

British Antarctic Expedition (Robert F. Scott) 

German Antarctic Expedition (Wilhelm Filchner) 

Australian Antarctic Expedition (Douglas Mawson) 

Byrd Antarctic Expedition (Richard E Byrd) 

British- Australian-New Zealand Antarctic Research Expedition (BANZARE; Douglas Mawson) 
Byrd Antarctic Expedition (Richard E Byrd) 

British Graham Land Expedition (John Rymill) 

German Antarctic Expedition (Alfred Ritscher) 

United States Antarctic Service (Richard E. Byrd) 

United States Navy Operation Highjump (Richard E. Byrd) 

Ronne Antarctic Research Expedition (Finn Ronne) 

United States Navy Operation Windmill (Gerald L. Ketchum) 

Australian National Antarctic Research Expedition (ANARE; various leaders) 

French Antarctic Expedition (various leaders) 

Norwegian-British-Swedish Antarctic Expedition (John Giaever) 

Commonwealth Trans-Antarctic Expedition 
Soviet Antarctic Expedition (various leaders) 

United States Navy Operation Deep Freeze (various leaders) 

Japanese Antarctic Research Expedition (various leaders) 

Norwegian Antarctic Expedition (various leaders) 

Belgian Antarctic Expedition (Gaston de Gerlache) 

New Zealand Geological Survey Antarctic Expedition (various leaders) 

Victoria University of Wellington Antarctic Expedition (various leaders) 

New Zealand Federated Mountain Clubs Antarctic Expedition 



(1.3.3) Antarctic Expeditions after the International Geophysical Year 



The time of the International Geophysical Year 
(1 July 1957 - 31 December 1958) was selected 
to coincide with a time of extraordinary sunspot 
activity. The most important results of the Inter- 
national Geophysical Year (IGY), however, con- 
cern scientific discoveries of Antarctica. During 
the IGY, 20 countries built research stations in 
Antarctica. 



Up to the time of the IGY, only a few expe- 
ditions had explored Antarctica. Since the IGY, 
many countries have been conducting Antarctic 
Research Programs and visiting Antarctica every 
year, in both summer and overwintering programs. 




